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Abstract

Dielectric breakdown decisively determines the reliability of nano- to centimeter sized
electronic devices and components. Nevertheless, a systematic investigation of this
phenomenon over the relevant lengths scales and materials classes is still missing. Here, the
thickness and permittivity-dependence of the dielectric breakdown strength of insulating
crystalline and polymer materials from the millimeter down to the nanometer scale is
investigated. While the dependence of breakdown strength on permittivity was found to be
thickness-independent for materials in the nm-mm range, the magnitude of the breakdown
strength was found to change from a thickness-independent, intrinsic regime, to a thickness-
dependent, extrinsic regime. The transition-thickness is interpreted as the characteristic length
of a breakdown-initiating conducting filament. The results are in agreement with a model,
where the dielectric breakdown strength is defined in terms of breakdown toughness and

length of a conducting filament.



1. Introduction

Since about 90 years the phenomenon of dielectric breakdown is investigated theoretically
and experimentally. Dielectric breakdown is a limiting factor for the reliability of nano- to
millimeter or centimeter-sized electronic devices and components (O’Dwyer 1958, Nafria et
al. 1996, Dissado and Fothergill 1992). First theories to describe the mechanism of dielectric
breakdown as an electron avalanche were developed by von Hippel (1931a, b, 1932), Frohlich
(1939) and O’Dwyer (1967). Within the same time the idea of a thermal breakdown
mechanism came up (e.g. Fock 1927, Moon 1931 and Wagner 1948). These two basic
breakdown models were later on refined for specific applications like thin films by e.g. Klein
and Gafni (1966) and enhanced by e.g. O’Dwyer (1982) or Budenstein (1980). Stark and
Garton (1955) developed an electromechanical breakdown model for thermoplastic polymers
which later on was modified by Fothergill (1991) to a filamentary electromechanical
breakdown model. The filamentary electromechanical breakdown model as well as the
electro-fracture mechanics model of Zeller and Schneider (1984) based on concepts of
fracture mechanics. The analogy between fracture mechanics and dielectric breakdown was
also taken into account for models developed by e.g. McMeeking (1986), Suo (1993), Vojta
and Clarke (1998), Fu et al. (2000), Wang and Zhang (2001), Zhang and Gao (2004), Beom
and Kim (2008), Lin et al. (2009) and Schneider (2013). Whereas electron avalanche
breakdown models are appropriate for thin films, gate oxides and other submicron-sized
electronic devices, continuum theoretical models are necessary for macroscopic high voltage
components like for example X-ray tubes, spark plugs, high-voltage cables or switches.
Recently Sun et al. (2012, 2013) showed convincingly that density function perturbation
theory calculations (DFPT) based on von Hippels avalanche model are able to predict the
intrinsic breakdown for covalently bonded and ionic materials.

Given the fact that the phenomenon of dielectric breakdown covers the lengths scale range
from centimeter to nanometers, astonishingly there is no comprehensive study investigating
its size-dependence over these lengths scales. Typically size-dependent measurements cover
thicknesses over one or two orders of magnitude (e.g. Owate and Freer 1988, 1898, 1990,
1991, Malec et al. 2010). But there is no systematic study published, where the dielectric
breakdown strength of different ceramic and polymer materials with relative permittivities
from approximately 2 - 2000 over a thickness range from 2 nm - 2 mm are investigated.

The objective of this study is, to determine the size and permittivity-dependence of the
breakdown strength of different insulating materials from the millimeter to the nanometer

scale, and to identify the transition between a thickness-dependent to a thickness-independent



regime. Such a transition region had been shown by Joffé¢ (1927) for glass and mica, but was
not systematically investigated for other materials. To achieve this goal, existing data from the
literature were collected and added to own measurements in size or permittivity regimes,
which were not covered. It will be shown that there exists a transition-thickness from a
thickness-independent, termed intrinsic, to a thickness-dependent, termed extrinsic,
breakdown regime for the investigated materials. For an application in an electrical
component, the knowledge of the transition-thickness enables to decide whether an intrinsic
avalanche-type model has to be applied for the theoretical description of the breakdown or
whether a macroscopic continuum model is necessary.

Focusing on bulk samples (> 1 um), the experimental data basis is used to check the validity
of a recently developed Griffith-type dielectric breakdown model (Schneider 2013). Existing
models, like the avalanche breakdown model, thermal breakdown model or electromechanical
breakdown model do not describe the measured thickness-dependence respectively
permittivity-dependence. The Griffith-type dielectric breakdown model assumes tiny,
electrically conducting filaments at the surface of the samples (Fig. 1a). When a critical
electrical energy release rate is reached, the longest of these conducting filaments grows
unstably to form the typical breakdown channel (Fig. 1b). This critical energy release rate,
named the dielectric breakdown toughness, determines vice versa the dielectric breakdown
field, if the conducting filament-length is known. Until now, the length and diameter of these
conducting filaments is not known. In this investigation, the transition-thickness between
extrinsic to intrinsic breakdown regime will be used, to estimate the initial length of
breakdown-initiating conducting filament. As a consequence, the dielectric breakdown
toughness can be calculated. This approach is very similar to mechanical brittle fracture,
where small cracks are assumed to be present in the material. Upon mechanical loading, the
energy release rate for a crack reaches a critical value, which may result in unstable crack
growth and fracture of the material. Also in the mechanical case, the transition from a
thickness-independent to a thickness-dependent regime is used to estimate the length of the

failure-initiating cracks (Gao et al. 2003).
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Fig. 1: a) Schematic picture of the dielectric breakdown initiated by conducting filaments.
b) Light-microscopy image of a cross-section through an Al,O3 sample with a breakdown

channel.

2. Materials and methods

2.1. Ceramic sample preparation

Dielectric breakdown tests were performed on ceramic samples with different thicknesses d
and relative permittivities ¢,. Therefor cylindrical polycrystalline Al,O3-, TiO,- and BaTiOs-
samples with a diameter of 28 mm were prepared.

All polycrystalline samples were formed using uniaxial- and cold-isostatic dry pressing and
sintered in a chamber furnace in air (for more details see Table 1). After sintering the samples
were ground plan-parallel to thicknesses in the range of 0.3-2 mm. Sample thicknesses in the
range of 0.7-0.24 mm were prepared by cutting grooves of different depth into 0.3 mm thick
samples with a precision cutting machine (Exakt Apparatebau GmbH & Co.KG, Germany).
In order to extend the variety of relative permittivities, {110}-oriented SrTiOs single crystals
grown by the flame fused method (Crystal GmbH and Co.KG, Berlin) were tested. The
squared SrTiOj single crystals had an edge length of 20 mm and a thickness of 0.3 mm.



Tab. 1: Processing steps of Al,Os-, TiO;- and BaTiOs-samples.

A1203 TiOz BaTiO3

Taimicron TM-DAR 14027 TiO,

BaTiO3 99.7% pure
99.99% pure extra pure
Powder Alfa Aesar GmbH Co
Krahn Chemie GmbH, Riedle de Hien AG,
KG@G, Karlsruhe

Hamburg Seelze
Unidirectional

8.5 MPa 8.5 MPa 8.5 MPa
pre-pressing
Bidirectional

17 MPa 17 MPa 17 MPa
pressing
Cold-isostatic

150 MPa 150 MPa 150 MPa

pressing
10 K/min 1350°C 1h 3 K/min 1550°C 2h 3 K/min 1400°C 2h

Sintering cycle
10 K/min 40°C 10 K/min 40°C 10 K/min 40°C

2.2. Ceramic sample characterization

After sintering, polishing and thermal etching the density and grain size of the samples were
evaluated according to the Archimedes and mean intercept length method. The relative
permittivities were measured with 1 V in the range of 20 Hz-1 MHz with a LCR meter

(HP 4284 A, Hewlett-Packard, Japan). For this, the sample surface was painted with
conductive silver and connected via two copper wires, one on each side, to a test fixture
(HP 16047 A). In Table 2 the measured densities, grain sizes and relative permittivities are

summarized.

Tab. 2: Characterization of Al,Os-, TiO,-, SrTiOs- and BaTiOs-samples.

Density Grain size Relative permittivity
[g/cm’] [nm] at (1 kHz)

ALO3 3.9 1 7

TiO, 4.1 3 109

SrTiO; 5.1 ]a] single crystal [a] 330

BaTiO; 5.6 25 1599

[a] According data sheet Crystal GmbH, Berlin, Germany.
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2.3. Polymer preparation and characterization

Polymer thin films were prepared via spin coating process. Solutions of Poly-(methyl
methacrylate) (PMMA) and 2-butanone respectively polystyrene (PS) and n-butyl acetate
with varying amounts of polymer were prepared. The amount of polymer in the solution was
2,5, 10 and 15 wt% for PMMA and 5, 10 and 15wt% for PS. After dissolving the polymer,
the solution was filtered with a 0.2 pum injection filter to remove particle contamination. In
order to realize different film thicknesses, the spin parameters were varied from 1000 to
7000 rpm in 1000 rpm-steps. The spinning time was kept constant 45 s. Film thicknesses in
the range of 200 — 4000 nm were reached. The film thicknesses were measured with a
profilometer (DekTac 3030, Veeco Instruments Inc., USA). The polymer solutions were spin
coated onto an indium tin oxide-(ITO) coated soda lime glass, which was used as substrate.
The ITO-coating, as well as the second gold electrode sputtered onto the polymer film, served
as electrodes for dielectric breakdown testing.

As bulk polymer material, commercially available PVC of 1 mm thickness was ground to

thicknesses of 0.5 and 0.2 mm.

2.4. Dielectric breakdown test of thick ceramic and polymer samples

Dielectric breakdown tests were performed by a rectified ac high voltage signal and by a dc
high voltage signal. The rectified ac voltage signal was realized by the formation of a 50 Hz
voltage pulse via a function generator (Agilent 33220 A, Agilent Technologies, Inc., USA),
which was further on stepwise amplified to high voltage by vacuum tubes, inductors and a
transformer coil. Details of the high voltage amplifier are described in (Neusel et al. 2012).
Al,O3 and TiO, samples in the range of 0.5-2 mm thickness and PVC samples of 0.2-1 mm
thickness were tested using the rectified ac-voltage. The BaTiOs-samples could not be tested
using a rectified ac voltage signal because the maximum possible applied voltage was limited
to a certain level. It is assumed that this is related to the ferroelectric domain switching
behavior of BaTiOs. Hence, a dc signal was applied which was generated by a dc high voltage
generator HCN 140-35000 (F.u.G. Elektronik GmbH, Germany) with a maximum voltage of
35 kV. To ensure the comparability of dielectric breakdown strength values between BaTiO3
and Al,O3 and TiO, despite the different voltage signals, 0.07—0.3 mm thick Al,Osand

0.3 mm thick TiO, samples were tested using the dc high voltage generator HCN 140-35000
(F.u.G. Elektronik GmbH, Germany). Additionally 1 mm thick Al,O; and TiO, samples were



tested using the dc high voltage generator ER75P4 (Glassman high voltage Inc., UK), which
can generate a maximum high voltage signal of 75 kV. In Table 3 the high voltage signals

used for different samples and thicknesses are summarized.

Tab. 3: Applied signal for dielectric breakdown test of Al,O3-, TiO,- SrTiO3 and BaTiOs-

samples and PVC.
Thickness Thickness Thickness
<0.3 mm >0.3-1.7 mm =1 mm
dc signal dc signal
AL O3 rectified ac signal
(HCN 140-35000) (ER75P4)
dc signal _ dc signal
TiO; rectified ac signal
(HCN 140-35000) (ER75P4)
dc signal
Sl‘TiO3 - -

(HCN 140-35000)
dc signal dc signal

BaTiO3 -
(HCN 140-35000) (HCN 140-35000)

PVC  rectified ac signal  rectified ac signal -

Before performing the breakdown test, a circular layer of conductive silver was deposited
onto the surface of all bulk ceramic and polymer samples to ensure a good electric connection
between sample and electrodes. Afterwards, the samples were dried at 100°C for Shina
furnace to evaporate the solvent.

For the breakdown test, the samples were clamped between the electrodes. The high voltage
signal was increased in 0.2 kV/s-steps for the dc and rectified ac signal, until the sample
underwent dielectric breakdown characterized by a collapsing voltage signal. The maximum
voltage directly before the collapse was defined as breakdown voltage Vj,.

In the case of the dc high voltage generator HCN 140-35000 a current limit of 4 mA and in
the case of the dc high voltage generator ER75P4 a current limit of 2 mA was set. These
currents were the maximum currents, which flow through the sample respectively through the
channel, when breakdown occurs. As both generators indicate the achievement of the current
limits, it was also used as indication that breakdown occurred. Both, dc and rectified ac
breakdown tests were performed in silicon oil at room temperature using the same measuring

cell (Neusel et al. 2012). The high voltage electrode of the cell, connected to the high voltage



source, was designed as brass-made pin electrode with rounded tip, enclosed by a PVC
cylinder to prevent flashover behavior. For Al,O3 and TiO; samples thicker than 0.3 mm and
all PVC samples a ground electrode made of stainless steel with a flat surface area similar to a
Rogowski profile was used (Fig. 2a). In order to reduce weight onto the fragile 0.3 mm and
smaller Al,O3, TiO,, and SrTiO; samples the ground electrode was exchanged from
Rogowski profile to a pin electrode (Fig. 2b). All BaTiOs samples were tested using the pin to
pin electrode configuration (Fig. 2b).

a) b)
%/ ground-electrode
- [ sample - —]
conductive silver = P | conductive silver-
electrode electrode
HV-electrode
PVC-cylinder = \ i ( = PVC-cylinder
\ ] oi 1]

Fig. 2: Schematic picture of the electrode configuration used for breakdown tests of a)

samples > 0.3 mm and b) samples 0.07mm-0.3 mm.

2.5. Dielectric breakdown test of polymer thin films

The dielectric breakdown test on polymer thin films was performed at room temperature using
a dc voltage signal generated by a High-Resistance Meter (Agilent 4339B, Agilent
Technologies, Inc., USA). At one edge of the substrate the polymer thin film was removed to
connect the ITO-electrode via conductive silver and a wire with the voltage generator (Fig. 3).
The second electrode was connected to the voltage generator with a spherical electrode, which
was pressed onto the sputtered gold electrode with a force of 0.07 N. The voltage signal was
stepwise increased in approx. 0.2 V/s-steps. As the Agilent 4339B High-Resistance Meter is
able to measure currents in the range of 60 fA-500 mA, dielectric breakdown of the film was

defined as sudden current increase above 500 mA.
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Fig. 3: Schematic side-view of the electrode configuration for breakdown tests on thin films.

3. Results and Discussion

3.1. Breakdown strength from nano to millimeter scale

Fig. 4 shows the results of the measured breakdown strength E,, defined as breakdown
voltage V4 per sample thickness d, versus sample thickness d in the range from 2 mm to

2 nm. All investigated samples showed single breakdown channels as failure phenomenon.

Added are also literature data to cover the whole thickness range. A thickness-dependent

behaviour with % -dependence as well as a thickness-independent regime is clearly visible.
d

The thickness-independent regime is named intrinsic and attributed to the materials inherent
maximum breakdown strength. On the other hand, the thickness-dependent regime is termed
extrinsic and will be explained in more detail in Section 3.4. The transition-thickness d,
between the extrinsic and intrinsic regime is approx. between 1 um and 20 pm. It cannot be
determined more precisely with the existing data, which almost cover 6 orders of magnitude

in lengths.
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Fig. 4: Double logarithmic plot of measured dielectric breakdown strength £}, versus sample
thickness d for Al,O3, TiO,, SrTiO3 and BaTiO;. The data points which were taken from
literature sources are labeled with their reference number in parentheses. The marked lines in
the range of constant breakdown strengths are fitted as mean values. In the range of thickness-

dependent breakdown strength the marked lines are least square fits with a slope of -0.5.

A thickness-dependent evaluation of the investigated polymers between 2 mm and 200 nm is
1
shown in Fig. 5. The breakdown strengths of PMMA, PS, PVC and PE show W-

dependence in the extrinsic breakdown regime and a transition to thickness-independent
intrinsic breakdown strength. Even though the dielectric breakdown strengths of the
investigated polymers are similar to the ceramic materials, the transition to the thickness-

independent breakdown strength regime is almost an order of magnitude higher

(d,= 10— 100 pm).
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Fig. 5: Double logarithmic plot of measured dielectric breakdown strength Ep; versus sample
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sources are labeled with their reference number in parentheses. The marked lines in the range
of constant breakdown strengths are fitted as mean values. In the range of thickness-

dependent breakdown strength the marked lines are least square fits with a slope of -0.5.

The data plotted in Figs. 4 and 5 are from our experiments and from literature. Therefore, the

sample preparation and voltage loading differs in the experiments. Nevertheless, the overall
trend of a W -dependence is obvious. There is most probably an influence of the surface

roughness, electrode geometry, voltage ramp and shape on the breakdown strength. In Fig. 4
e. g. the effect of different voltage signals used for breakdown testing can be seen. The
breakdown strength of 1 mm thick Al,O3; and TiO, samples tested with a dc signal are

(55.8 £3.5) kV/mm and (24.45 = 7.2) kV/mm, respectively. As expected from literature
(Ruemenapp and Peier, 1999), the breakdown strengths tested using dc signals are found to be
higher compared to breakdown strengths tested using the rectified ac signal, with

(35.58 £2.1) kV/mm for Al,O3 and (18.85 + 3.4) kV/mm for TiO,. But these are second order

effects and have to be investigated in a second step in more detail.
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Both Figs. 4 and 5 show that when the thickness d is reduced below the transition-thickness d,
a maximum materials specific breakdown strength £, is reached.

Sun et al. (2012, 2013) calculated the breakdown strength of non-oxide ionic and covalently
bonded materials with DFPT. The DFPT calculations were based on von Hippels electron
avalanche model. The comparison of these calculated breakdown strengths with
experimentally determined breakdown strengths for approx. 1um thick films show good
agreement. DFPT results for the materials in this study are not published. The avalanche
model treats the dielectric breakdown as an intrinsic effect. As a consequence, it does not
predict a thickness effect and is appropriate for d < d.,.

The thickness-dependence of the breakdown strength is often explained as Weibull effect
similar to the mechanical case (Owate and Freer 1992, Malec et al. 2010). If a Weibull effect
similar to the mechanical case were true, one is able to analyze the Weibull modulus from a
plot of the breakdown strength as function of the sample thickness (for samples of constant
electrode areas), which shows a slope of -1/2. In the mechanical case with these data the

Weibull modulus can be analyzed to be m = 2 because the mechanical strength ¢ scales with

1/m
the effective volume Vs as 9 (\ﬁj (Munz and Fett 2001). In the case of the
0, eff1

dielectric breakdown strength not exactly the same equation must hold, but one can draw the
following conclusion. If all measured materials (ceramics and polymers) show the same
thickness-dependence, it follows that they all should have the same defect distribution. This is
highly unlikely and does not happen in the mechanical case. It would mean that all ceramic

materials have the same Weibull modulus.

3.2. Permittivity-dependence of breakdown strength for ceramic materials

Besides the size-dependence the permittivity-dependence of the dielectric breakdown strength
was evaluated. In Fig. 6 the experimental results of thin film measurements and 0.3 mm thick
AL O3, TiO,, SrTiO; and BaTiOs-samples are plotted as a function of the relative permittivity
¢, The calculation of the theoretic breakdown strength £, which is also shown in Fig. 6, is
explained in detail in the following chapter. With these four oxide ceramics a range of relative

permittivities from 10 to 1000 could be covered.
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Fig. 6: Double logarithmic plot of dielectric breakdown strength £}, versus the relative
permittivity &, for AL,Os3, TiO, and BaTiOj; polycrystalline samples and SrTiO; single
crystals. E,, is calculated as mean value of the breakdown strengths from thin film data. £y,
is calculated according to equation 7. The maximum breakdown strength E,,,, and the
theoretical breakdown strength £y, for SrTiOs and BaTiO; are plotted versus relative

permittivity values taken from literature sources (Baumert et al. 1997, Scott et al. 1994).

1
The \/7 -dependence already studied for thin films (McPherson et al. 2002) is confirmed by
gr

the experimental data (E,,,,-values) for the intrinsic regime. Furthermore, our investigation
shows that this is also true for the extrinsic regime (£ 3.n-values) of ceramic materials. There
is some scatter in the data which may be partly explained by the fact that the densities of the
different materials were slightly different.

The relative permittivities of polymers are very close together, around 2, so their breakdown

strengths do not allow an analysis of their permittivity-dependence.

13



3.3. Theoretical intrinsic breakdown strength

As mentioned in the introduction, the most recent DFPT-calculations by Sun et al. (2012,
2013) are very convincing. These calculations are physically based on an electron avalanche
mechanism originally developed by von Hippel (1931a, b, 1932). In search of a simple
intuitive model we think that Suo (1993) developed a nice physical approach, which is
attractive to be presented and further developed. This breakdown model is based on models of
the cleavage strength by Orowan (1949) and Polanyi (1921). In the following it will be shown
that a further development of this model leads to the experimentally observed permittivity
behavior. As an avalanche process needs a certain minimum sample thickness to develop, the
following model might be the mechanism which leads to dielectric breakdown for samples,
which are even not thick enough to develop an avalanche.

In analogy to the cleavage strength in fracture mechanics £, is interpreted as intrinsic
breakdown strength. Based on the ideas of Suo (1993), Orowan (1949) and Polanyi (1921) a
simple intuitive theoretical model for the intrinsic or theoretical breakdown strength Ey;, is
presented.

Suo (1993) assumes that for a perfect cubic dielectric crystal the electric field £ to displace

the electrons, which contribute to the polarization, is
. (27X
E=E,sin — 1
th ( Y j (1)

with Ey, the theoretical breakdown strength, x the displacement distance due to applied
electric field and 4 a certain distance. Unlike Suo (1993) the spacing A is not identified with
the equilibrium lattice distance, instead, it will be determined. Additionally, not only the
displacement of electrons but the displacement of charges relative to each other is assumed.
As a consequence the model describes electronic and ionic polarization.

If g is the charge per unit volume, which contributes to the polarization, the polarization P is

X X
2—3 with by as the equilibrium spacing distance of the unit volume. For smallb— , the
0 0

polarization P is proportional to the applied electric field E:

Pl =iE @
bO

with the electric susceptibility X. As for small x the approximation sin(x) = x is valid, the

theoretical breakdown strength £, can be written for small x as

3).
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It is assumed that a dielectric breakdown leads to a complete destruction of the lattice. Hence,

the energy y to displace charges until the bond is completely destroyed is

A

A
qudx = I E., sin(zzzxjdx _20EnA _ ry @)
x=0

x=0 4

and therefore the spacing A can be expressed as

_ oy
2E.q

()

Eq. (5) introduced into Eq. (3) finally gives

/4 /4
E, = ~ 6
" \/Zbgz \/Zbggrgo ©

for the theoretical breakdown strength. For materials with high susceptibilities

X = (gr —1)80 = ¢, &, it follows the same permittivity-dependence as shown in Fig. 6.
Physically the model compares the electrically stored energy density at breakdown &-EZ
with the energy to destroy the bond per volume y / b .

As usually polymers and ceramics are multi-element materials, the energy y to destroy the
bond is approximated by the cohesive energy and the corresponding result for the theoretical
breakdown strength is:

E, = Econ "Na-p 7)

2M,.. & &

with E,; as cohesive energy, N4 as Avogadro constant, M,,,; as molar mass of the compound
and p as density.
The values for the cohesive energies, densities and relative permittivities are given in Table 4.
The result of Eq. (7) applied to the investigated ceramic thin films predicts the measured
permittivity-dependence as shown in Fig. 6 but overestimates the intrinsic breakdown strength
Enax. This is probably attributed to the simplicity of the model, which includes the whole
cohesive energy for the calculation, although it is unknown whether the complete lattice needs
to be destroyed for dielectric breakdown. But the model may serve to estimate the maximum

possible intrinsic breakdown strength Ey,.
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Tab. 4: Data used for calculation of the theoretical breakdown strength Ey,.

p &y Econ Ew

[kg/m’] [-] [eV] [KV/mm]
ALO; 3980 7 31.76 P 31048
TiO, 4060 109 19.9 1 7105
SrTiO; 5130 13881 3170 5911
BaTiO; 6020 ! goo ™ 315701 2354

I (Hellweg K., Hellweg A., 1975)

2] (Hellweg K., Hellweg A., 1981)

B (Baumert et al., 1997)

4 (Scott et al. 1994)

B (Urusov V.S., Eremin N. N., 1997)
6] (Lazzeri, M., et al. 2001)

" (Ricci et al. 2003)

8] (Erhart and Albe 2007)

3.4. Breakdown toughness and transition-thickness

Recently Schneider (2013) developed a theoretical breakdown model based on the assumption
that out of a surface distribution of tiny, conducting filaments the longest will grow, when the
dielectric breakdown strength £}, is reached. This model is similar to the treatment of
electrically conducting cracks in dielectrics and ferroelectrics (McMeeking 1990, Pak 1990,
Heyer et al. 1998, Wang and Zhang 2001, Zhang and Gao 2004, Gehrig et al. 2008). The
difference to existing models for conducting cracks and the 1D tubular breakdown models
(Suo 1993, Beom and Kim 2008, Lin et al. 2009) is that space charge conductivity is
introduced. Talbi et al. (2007) showed very nicely for alumina samples that dielectric
breakdown occurs in the space charge regime, which is confirmed by our own unpublished
results. Therefore, the Griffith type energy release rate model by Schneider (2013) includes

space charge injection. It gives an expression for the extrinsic dielectric breakdown strength:

f ggof@ ®

with Gy, as dielectric breakdown toughness, ¢, as relative permittivity of the dielectric and ¢,

as permittivity of free space, d as sample thickness, a;; the conducting filament-length and
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c~+0.15. Eq. (8) predicts the measured thickness- and permittivity-dependence (see
Figs. 4 - 6) in the extrinsic regime correctly and gives confidence that its physical
assumptions are correct. It is based on the idea of a critical energy release rate or dielectric
breakdown toughness Gp; necessary to initiate the unstable growth of the longest conducting

filament in the sample surface. This dielectric breakdown toughness can be expressed as

(Schneider 2013)

2
Gy = S%Sr £08qdE oy )
The transition from the extrinsic to the intrinsic breakdown regime offers the possibility to
determine the dielectric breakdown toughness. With the assumption of tiny, tubular
conducting filaments it can be concluded that these filaments are typically shorter than the
transition-thickness that means < 20 um for ceramics and < 100 pm for polymers. Secondly if
the filaments are tiny channels, their diameter should be at least 10 times smaller. As the
transition-thickness is an upper estimate for the conducting filament-length, a, is
approximated by d,/5 at
Epa= Enax.

Hence, the breakdown toughness can be calculated as:

2

G, = ”%grgodez (10)

max

For the calculation of the breakdown toughness a transition-thickness d, between 1-20 um for
BaTiOs, TiO; and Al,O; is used. The relative permittivities ¢, are taken from the sample
characterization (Table 2), whereas the maximum breakdown strength E,,,,, is evaluated as
mean value in the thickness range < d; from Fig. 4 with 804 kV/mm for Al,03, 270 kV/mm
for TiO, and 97 kV/mm for BaTiOs. Applying Eq. 10, the breakdown toughness G, is
calculated to be 3 - 1259 pJ/m for AL,O3, 6 - 2210 pJ/m for TiO, and 11 - 4217 pJ/m for
BaTiOs. The large intervals of the Gyz-values stem from the great uncertainty in d;, which is
squarely included. For polymer samples the data bases for PVC and PE samples is not
sufficient for further calculation, therefore, only PMMA and PS were used to calculate the
breakdown toughness Gs. Here, a transition-thickness d; between 10 - 100 pm is used for the
calculation. The relative permittivity for PMMA and PS are taken from literature (Table 5),
whereas the maximum breakdown strength £, is evaluated as mean value in the thickness
range < 10 um from Fig. 5 with 311 kV/mm for PMMA and 407 kV/mm for PS. Applying
Eq. 10, the breakdown toughness Gy, is calculated to be 18 - 1749 pJ/m for PMMA and 29 -
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2880 pJ/m for PS. These breakdown toughness values for the ceramics and polymers are first
estimations as the transition-thickness d; is not determined very precisely.

The permittivities enter linearly in the 1D-toughness calculation (Eq. 10) but also in the
toughness calculation given by Lin et al. (2009). Therefore, as BaTiO3; and PZT have similar
permittivities, we compare the 1D-toughness results for these two ceramics once determined
in this study and by Lin et al. (2009). For the PZT ceramic PZT807 Lin et al. (2009)
determine a value of 0.01-0.03 J/m which is a factor of 3 beyond the upper limit of our
estimate for BaTiO; (0.004 J/m). In regard to the uncertainty of the transition-thickness as
well as the estimate of the filament-length from the transition-thickness, this difference is
acceptable. Additional experiments also with well-defined starter filaments are needed to
determine the 1D-breakdown toughness more precisely.

Fu et al. (2000), Wang and Zhang (2001) determined a 2D-breakdown toughness for PZT
ceramics. They showed that independent of the initial notch length a 2D-breakdown
toughness of 223 J/m” can be determined for unpoled PZT-4-ceramics. This value is approx.
25 times larger than the measured mechanical toughness of this material. As this dielectric

toughness is a 2D-toughness, it is difficult to compare it with a 1D-toughness.

3.5 Calculation of breakdown channel radius ryq

The dielectric breakdown toughness Gy, is interpreted as the energy required for the initiation
and growth of the breakdown channel by evaporating the material. An evaporation process
due to heating is assumed because investigations of the breakdown channel show tubular
holes with melted borders (Chao et al. 2010, Neusel et al. 2012, and Tunkasiri and
Rujijanagul 1996). The breakdown channel is approximated as a cylindrical tube with
constant radius 4. The thermal energy per channel length O/a, which is required to create the

breakdown channel, is calculated for the ceramic materials as follows

Q

Econ *Na-
_:ﬂ'rbzd' coh AP

= v (11a)

mol
with E,,; the cohesive energy, M,,,; the molar mass of the compound, N4 the Avogadro

constant and p the density of the material. For the amorphous polymers it is used

%:p'”'rbzd'cp'(-rdec _TO) (llb)

with p the density of the material, ¢, the specific heat capacity, T4 and T, as decomposition

and room temperature.
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If the thermal energy per channel length Q/a is set to be equal to the breakdown toughness Gy,
the radius of the breakdown channel 7, can be determined as

rbd — \/ deMmol (1221)
7-Np-p-Egp

for the ceramics and for the polymers:

de
I = l2b .
. \/p'ﬂ-'cp '(Tdec _TO) ( )

In Tables 4, 5 and 6 the data to calculate the breakdown channel radius 7, and the resulting

channel radii for polymer and ceramic samples are given.

Tab. 5: Data used for calculation of the channel radius r,; of PMMA and PS.

p Cp Taee & Emax Gha I'bd

[kg/m’]  [J/kgK] [K]  [] [kKV/mm] [pJ/m] [wm]
PMMA 11907 1465"1 603PT 26" 311 17-1749 0.1-1
PS 1040 101 121019 63301 2 509 407 28-2880 0.14-1.4

BT (Vieweg, Esser 1975)
119 (Becker, Braun, 1996)

Tab. 6: Data used for calculation of the channel radius 7, of ceramic samples.

Emax Gba I'ba
[KkV/mm]  [pd/m] [pm]
ALO; 804 3-1259 0.003 - 0.06
TiO; 270 6-2210 0.004 - 0.09
BaTiO; 97 11-4217 0.007-0.13

With the already determined values of the dielectric breakdown toughness the channel radii
were calculated to be 0.003 - 0.06 um for Al,O3, 0.004 - 0.09 um for TiO; and 0.007 -

0.13 um for BaTiOs. The values are lower compared to radii reported in literature, which are
in the range of 10 - 25 um for ceramics and polymers (Budenstein 1980, Chao et al. 2010,
Neusel et al. 2012, and Tunkasiri and Rujijanagul 1996). This difference is explained as
follows. Breakdown tests in the extrinsic, size-dependent regime usually need high voltages.
When the breakdown is initiated the high voltage source cannot be shut down fast enough to

avoid additional current flow through the breakdown channel. This additional current leads to
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additional evaporation and melting and results in a bigger channel radius than at the initial
breakdown. In addition, dissipating processes nearby the channel are not taken into account.
The radii for the polymer samples are calculated as 0.1 - 1 um for PMMA and PS. According
to Fothergill (1991), who calculated the filament-radius of PE to be 0.29um, this is

comparable to the dimensions of the gross morphology of polymer films.

3.6 Master curve of dielectric breakdown strength for ceramic materials
With the assumption that the length of the conducting filament is independent of the sample
thickness d it follows by introducing Eq. (10) in Eq. (8)

d,

Ebd = Emax F

(13).

In Fig. 7 the experimentally measured breakdown strength £, of 0.3 mm and 1 mm thick
samples are plotted versus E,,, taken from Fig. 4. For both thicknesses it can be seen that £y,

shows an approximately linear relation to E4.
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Fig. 7: Diagram of measured breakdown strength £, of 0.3 and 1 mm thick samples versus
the maximum breakdown strength E,,,, (calculated as mean value from constant breakdown
strengths of Fig. 4). The indicated lines are a linear fits with a slope of 0.103 for 0.3 mm thick

samples and a slope of 0.072 for 1 mm thick samples.
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Hence, it follows that d; must be more or less constant for different ceramic materials. From
the linear fits of Fig. 7 d, is calculated to be 3 um for the 0.3 mm thick samples and 5 pm for
the 1 mm thick samples. The mean value of the calculated thicknesses 4 pm can be
interpreted as a mean value of the transition-thickness range from Fig. 4. If this result is
generally true, Fig. 7 can be used as a master curve to easily determine the maximum
breakdown strength of thin films from bulk measurements or vice versa.

Moreover, from Fig. 6 it is possible to get the maximum intrinsic breakdown strength £, with
2.2 MV/mm by extrapolating the E,,~curve to a relative permittivity of 1. With the maximum

intrinsic breakdown strength £y Eq. (13) can be written as:

E /d
E  =-9 |7t 14
bd /—g d ( )

with d; as mean transition-thickness of 4 um.

Based on Eq. (14) a “design”-map for dielectric breakdown strength with the variables of
relative permittivity and sample thickness can be plotted (Fig. 8). According to the sample
thickness and relative permittivity, it is now possible to determine the maximum dc field

which can be applied.
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Fig. 8: “Design”-map of the dielectric breakdown strength as a function of sample thickness

and relative permittivity calculated according to Eq. (14).

21



4. Conclusions

The thickness-dependence of the extrinsic dielectric breakdown strength scales as 1 down
d

to the micrometer scale. Below a materials dependent transition-thickness a roughly

thickness-independent intrinsic dielectric breakdown regime exists. The investigations

1 : : .
demonstrate that the T -dependence of the dielectric breakdown strength for ceramic
g

;
materials is thickness-independent. All these results strongly support the idea that in the
extrinsic breakdown regime conducting surface-filaments exist, which initiate breakdown.
Therefore, future research should be directed towards a validation of an energy release rate
based breakdown model and the experimental determination of the dielectric breakdown
toughness Gy, by introducing tiny, conducting filaments. This would allow characterising the
dielectric breakdown behaviour not only in terms of the breakdown strength but also in terms
of the dielectric breakdown toughness. Finally the physical nature of the initial conducting
filaments must be determined in order to be able to tailor the chemistry and microstructure of
dielectric materials for better dielectric breakdown resistance. All these investigations open

new space for a novel “dielectric breakdown electrics” research area.
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