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Surface Switching Characteristics of Variable Permittivity 
Dielectrics 

Eric J. Carleton and Wayne Huebner 
University of Missouri-Rolla 

Rolla, MO 65409, USA 

ABSTRACT 
Flashover voltage, lifetimes, and switch performance of insulators utilizing square 
thin and thick film electrodes were examined to determine the viability of using thin 
electrodes for reliable surface discharge switching. Gold, silver, and platinum were 
sputtered (0.25pm) and screen printed (15pm) onto AI,O,, T i 0  , and a modified 
BaTiO, (MBT), then tested in air a t  10' Pa, under vacuum (10 - torr), and while 
immersed in an insulating fluid, SF-2 (manufactured by 3M). For the measured 
range of 0.5 to 3mm in air, the flashover voltage for all three insulators was found 
to have a linear dependence on the electrode separation distance with 1 5 p m  thick 
screen printed electrodes and a square root dependence with 0.25pm thick sput- 
tered electrodes. Delay times of approximately 2011s with a corresponding jitter of 
6ns were observed across all three insulators under triggered flashover. Insulators 
in air  with sputtered electrodes had lifetimes of approximately 5 flashovers for dc 
flashover and 40 for triggered flashover. Screen printed TiO, and MBT had dc 
lifetimes of approximately 10 flashovers in air, and 3 flashovers in vacuum and SF- 
2. Screen printed TiO, and MBT had triggered lifetimes of greater than 200 
flashovers in air, and < 3 flashovers in vacuum and SF-2. Screen printed Al,O, 
had dc and triggered lifetimes of greater than 200 flashovers in air, vacuum and 
SF-2. Insulator failure during dc flashover was determined to be due to the forma- 
tion of a conductive channel between the anode and cathode. Formation of the 
channel was attributed to insulator thermal and dielectric properties and the pres- 
ence of vaporized electrode species in the gap region during flashover. 
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1 INTRODUCTION 

UCH research in the literature has focused on M flashover voltage models, mechanisms, and behavior 
in vacuum gaps bridged by insulatok Many surface 
flashover models in vacuum have been debated and con- 
sist of sub-surface and above-surface processes initiating 
the flashover [l, 21, however recent research efforts sup- 
port an above-surface model with at least four distinct 
phases: 1. field emission of electrons from the cathode, 2. 
field emitted electrons impinge upon the surface of the 
dielectric, leading to an electron avalanche governed by 
the secondary electron emission coefficients, 3. build-up 
of local pressure due to electron stimulated outgassing, 
and 4. gaseous ionization and breakdown [3, 41. The pri- 
mary focus is usually the abatement of such discharges, 
however in some instances control over the discharge event 
is desirable. For instance, surface discharge switches are 
used to switch large amounts of power due to their intrin- 
sic short delay time with minimal jitter [51. High power 
surface discharge switches typically consist of large elec- 
trodes and insulators with large thermal masses that avoid 
catastrophic failure through dielectric ablation and ther- 
mal'conduction away from the discharge site. A few pa- 

pers have mentioned the use of thin electrodes for study- 
ing surface flashover models more thoroughly [6, 71, but to 
the authors knowledge only limited data are available on 
switching voltages, waveforms, and lifetimes for thin elec- 
trode, high dielectric constant surface switches. These are 
potentially important for switching asymmetric Blumleins 
such as in the Dielectric Wall Accelerator (DWA) pro- 
posed by Lawrence Livermore National Laboratory 
(LLNL) [&lo]. Due to design constraints, it is desirable if 
the thin electrodes sandwiched between the plates can 
function as surface switches triggered by a laser or electri- 
cal impulse [ll]. This paper presents a comprehensive 
summary and explanation of the flashover voltages, life- 
times, and switch performance of thin electrode switches 
under successive switching in air, vacuum, and insulating 
fluid with variation in electrode material and deposition 
method, insulator dielectric constant, and surface rough- 
ness and contamination. 

2 EXPERIMENTAL PROCEDURE 
AL,O,, TiO,, and modified BaTiO, (MBT) were cho- 

sen as insulators for this study based on their order of 

1070-9878/-1/$17.00 0 2002 IEEE 
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Table 1. Insulator and electrode material properties [29,30]. 
K uthermal AHf 4 w  Tm 

(unitless) (W/m. K) (kJ/mol) (eV) ("C) 
~ 

Insulator 
1620 MBT 2000 2.9 

TiO, 100 6.5 -994 - 1850 
11 30 -1676 - 2100 

NaCl 6 6.4 -411 - 800 
Quartz 3.8 . 1.4 - 1680 
Teflon 2 2.3 -820 ' - 320 

- - 

- 

Electrode 

Au 
Pt 

4.26 962 
5.10 1064 
5.65 1112 

- 429 
317 

72 

- 
- - 

Ag 

- - 

magnitude of differing dielectric constants as tabulated in 
Table 1. NaCI, fused quartz, and polytetrafluoroethylene 
(PTFE) were used in a few experiments due to their low 
dielectric constant, thermal conductivity, and melting tem- 
perature. Silver, gold, and platinum were chosen as elec- 
trode materials on the basis of their varying melting tem- 
perature and work functions which are also shown in Table 
I. The electrodes were deposited by both screen printing 
and sputtering as they are two widely used and affordable 
electrode deposition methods. 

Cylindrical insulators (6 cm in diameter, 1.5 mm thick) 
of TiO, (Aesar 99.9%) and the modified BaTiO, (TAM 
412H) were prepared by conventional sintering techniques 
and had theoretical densities greater than 95%. Rectangu- 
lar plates (20 mm long X 15 mm wide X 1.5 mm thick) of 
Al,O, (Coors Ceramics) were used and had a theoretical 
density of = 96%. Single crystals of NaCl (SPI-Chem), 
PTFE sheets, and fused quartz slides were polished to 2 
mm in thickness and a surface finish of 5 pm. Two differ- 
ent switch configurations were tested in this study and are 
illustrated in Figure 1. The electrode gap in configuration 
I is similar to the proposed LLNL device [S-103, however 
for ease in testing and fabricating samples, configuration 
I1 was used for the majority of the studies. Cylindrical 
samples of TiO, and MBT were vertically sliced to obtain 
the rectangular cross-section (7 mm wide X 1.5 mm thick) 
depicted in configuration I. The electrode gap width in 
configuration I1 was varied from 0.5 to 3 mm, and the 

. 

. 

Cathode 

7 

Trigeer 

i 7_ 5" 

t 

V 
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Figure 1. Illustrations of the electrode configurations used in this 
study. 

electrode gap in configuration I was set to the thickness of 
the samples, 1.5 mm. During switching experiments, both 
configurations were placed directly on top of a non- 
metallic insulating table which exposed the top electrode 
in configuration I and exposed both electrodes in configu- 
ration 11. The discharge gap was not coincident with the 
insulating table for either configuration. 

The insulator surfaces were polished to a 5 p m  surface 
finish with a S ic  slurry. In addition, a few samples were 
sanded to a surface finishes of 100 and 15 p m  to alter the 
surface roughness so that any physical characteristics 
might be observed. After polishing, the samples were put 
in a dilute, agitated nitric acid solution for 8 h. The sam- 
ples were removed, ultrasonically cleaned in de-ionized 
water for 0.25 h, and then ultrasonically cleaned in ace- 
tone for 0.25 h. Surfaces were examined by a scanning 
electron microscope (SEMI to verify surface purity. A few 
samples were not cleaned after polishing so that the effect 
of the presence of surface contaminants could be ob- 
served. 

Square (5 mm X 5 mm) Ag electrode pads (Silver Paste 
Plus, SPI) were screen printed and then heated at 200°C 
for 0.5 h. to sinter the metal particles, thus resulting in an 
average thickness of 10 to 15 pm. Sputtered electrode pads 
of silver, gold, and platinum of the same dimensions were 
deposited at a rate of 50 nm/min in an argon atmosphere 
to a final thickness of 0.25 pm. The sputtered electrode 
samples were then subjected to the same heat treatment 
schedule to eliminate any thermal conditioning effect as- 
sociated with gas absorption [12]. 

dc surface flashover measurements were performed by 
applying a step-wise bias to the gap in 40 V increments 
with a high voltage amplifier (Trek 20/20A). Upon insula- 
tor flashover, the power supply was manually shut off, and 
the output voltage was recorded. Discharge voltage and 
current signals were measured on a digital 2 channel Tek- 
tronix 2 Gs/s oscilloscope with a high voltage probe 
(Tektronix P5100) and a passive ac current probe 
(Tektronix P6021) with response times of less than 2 and 6 
ns respectively. Figure 2 illustrates the measurement setup 
and circuit used in this study. Measured values were sta- 
tistically quantified by analyzing 10 samples of each com- 

2 VIA I 

Taktronix 
TOS 460 

Figure 2. Schematic of the experimental setup for surface flashover. 
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bination of insulator, gap (0.5, 1, 1.5, 2, 2.5, and 3, mm), 
and electrode deposition method. 

Triggered flashover measurements were taken by apply- 
ing a variable 0 to + 2  kV pulse (20 ns rise, 250 ns width) 
through a 24 gauge trigger wire centrally positioned 0.25 
mm above the surface and 0.25 mm from the cathode [SI. 
The surface gap was slowly charged to 50% of the DC 
flashover voltage before the trigger voltage was applied. 

Samples were tested at lo5 Pa, 0.13 Pa (lop3 Torr), 
and while immeried in a non-charring, insulating dielec- 
tric liquid SF-2 (manufactured by 3M) to ascertain the vi- 
ability of device switching in a variety of environments. 
Atmospheric measurements were conducted in a steady 
state fashion by placing the sample in a clear plastic con- 
tainer which was sealed upon flushing the container with 
air passed through drierite to obtain a relative humidity of 
35 to 50%. 

Before and after breakdown tests, both electrodes and 
the surface were subjected to microstructural analysis with 
a scanning electron microscope (Jeol T330A SEMI. Car- 
bon coating was used to minimize charging on the insulat- 
ing surfaces. Chemical analysis of the surface was per- 
formed by an energy dispersive spectroscopy (EDS) sys- 
tem attached to the microscope. 

During continued dc breakdown, a digital camera (Sony 
Mavika) was used to capture the discharge trajectory from 
electrode to electrode. The frame rate of the camera was 
of the order of 0.01 s, thus time lapsed images of multiple 
surface discharges were observed. 

Electrostatic field modeling was conducted with Inte- 
grated Software's Electro 2D v5.1 software to determine 
field enhancement factors and polarization induced charge 
contributions at the dielectric/metal/air interface. The 
software uses the Boundary Element Method to solve for 
an equivalent source, which would sustain the modeled 
fikld under the prescribed boundary conditions deter- 
mined by the Green's function of the modeled geometry 
[13, 141. 

3 RESULTS AND DISCUSSION 
3.1 de SURFACE FLASHOVER 

Typical current and voltage signals detected using sin- 
gle channel dc surface flashover are shown in Figure 3. 
The oscillatory nature of the current waveform is due to 
ringing from the short transit time to ground in the mea- 
surement circuit. Visually, single channel flashovers ap- 
peared to be a single streak traversing the electrode gap. 
The dc flashover signal exhibited a 20 to 30 ns current 
rise, subsisted for 100 to 150 ns, and was found to be inde-. 
pendent of insulator, atmosphere and electrode deposi- 
tion method. In the probe detection range, a 5 to 10 ns 
current rise was expected [4], but the observed rise can be 
explained by bandwidth limitations of the current probe. 
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Figure 3. Typical current and voltage signals during a dc flashover. 

The voltage across the electrode gap rapidly decreased in 
10 ns from the maximum voltage to zero and recovered to 
the initial flashover voltage after 20 to 30 ps. Previously 
reported recovery values range from 100 to 300 ps, but 
those values were for switching much higher currents [15]. 
The dc recovery voltage exhibited no clear material, volt- 
age, or atmospheric effect and correlates with the recov- 
ery time of the high voltage amplifier. The average energy 
and charge switched per channel varied with the applied 
switching voltage, but was generally in the range of 0.01 to 
0.05 J and 0.3 to 0.5 pC, respectively as determined from 
integration of the time dependent voltage and current sig- 
nals. 

Multiple channel flashovers were visually observed in 
the captured digital images as multiple streaks simultane- 
ously traversing the electrode gap. Figure 4 shows typical 
current and voltage signals detected upon multiple chan- 
nel surface flashover and indicates that the multiple 
streaks were not simultaneous. Multiple channel flashovers 
consisted of individual current and voltage waveforms 

I 

V 

. . .  . . .  I.. . . . .  J r : .  . . : .  . . .  . . . . . . . . . . . . . . . . . . . .  :I 
t 
' t " ' .  . . .  
*. . . . .  . .  

t , i  , j , ,  , \  
Figure 4. Typical current and voltage signals during consecutive 
multiple channel dc flashover. 
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Figure 5. 

printed 

1 '  ' ' : ' . ' . ' ' ' ' I '  
1 2 3 

Electrode gap (mm) 
Influence of Ag electrode deposition method on flashover 

sputtered electrodes. 

similar to the single channel waveforms, that were sepa- 
rated by 20 to 200 ps between successive waveforms. The 
presence of multiple streaks in the digital images can be 
attributed to the relatively long exposure time (10 ms) of 
the camera. Although both single and multiple channel 
flashover were electrically observed across all three insu- 
lators in air, single channel flashover was predominantly 
observed across Al,O, and multiple channel flashover was 
observed across MBT and TiO,. Flashovers across all 
three insulators in SF-2 and vacuum were typically multi- 
ple channel in nature. 

Figure 5 shows the flashover voltage for AZO,, TiO,, 
and MBT, in air with sputtered and screen printed silver 
electrodes. For the measured range of 0.5 mm to 3 mm in 
air, the flashover voltage for all three insulators was found 
to have a linear dependence on the electrode separation 
distance with 15 p m  thick screen printed electrodes and a 
square root dependence with 0.25 pm thick sputtered 
electrodes. A square root dependence is typically experi- 
mentally and theoretically observed [5, 161, however stud- 
ies have also shown linear dependencies with non-zero 
constants in the 1 to 20 mm separation distance [17, 51. 
The difference in thickness and hence mass of the two 
different electrodes may explain the difference in depend- 
encies. The flashover voltages summarized in Table 2 are 
the result of 40 samples each and are an average of the 
observed flashover voltages to failure except for AZO, 
with screen printed electrodes, in which the average of 
the first 30 flashovers is reported. The flashover voltages 
were found to have a negative relationship with the di- 
electric constant which agrees with previous studies on 
high dielectric constant materials [6, 181. The dc flashover 
voltages for samples tested at 0.13 Pa and in SF-2 were 
approximately 300% and 400% higher than the voltages 
found for samples tested at latm. Statistical variation in 
flashover voltage was not determined because only single 
flashover lifetimes were observed for the TiO, and MBT 

1 2 3 
Electrode gap (mm) 

voltage. 15 pm thick screen printed electrodes and 0.25 thick 

samples which makes them impractical for use in the 
DWA. 

Although three metals with three different melting tem- 
peratures and work functions were sputtered for elec- 
trodes, the measured flashover voltages and lifetimes were 
the same within statistical variation as is shown in Figure 
6. Due to the thinness of these electrodes and subsequent 
small thermal mass ( < 3 mg), the melting temperature be- 
comes an insignificant factor in the determination of 
breakdown characteristics. In addition, the geometry re- 
lated resistance of the electrodes is of the order 1 0 which 
could also contribute to joule heating. The energy trans- 
ferred in the arc (0.01 to 0.05 J) in the short amount of 
time could easily lead to melting and vaporization of even 
most refractory metals with such small thermal mass [19]. 

The work function of the electrode material was ex- 
pected to affect the self-breakdown voltages since accord- 
ing to the Fowler-Nordheim theory [20], a metal with a 
lower work function will emit an appreciable electron cur- 
rent at lower fields than a metal with a higher work func- 
tion. The enhanced current would then lead to the forma- 
tion of secondary electron avalanche at lower field values. 
The lack of observation of this behavior is attributed to 
the field enhancement created from the high effective ra- 
dius of curvature of the sputtered electrode and porosity 
at the metal/dielectric/atmosphere triple point. In a study 
by Kofoid [6], the relative field enhancement of porosity 
at the triple point outweighed all other factors in the de- 
termination of the flashover voltage. 

The flashover voltage dependence on increased surface 
roughness (5 to 100pm) and the presence of surface con- 
taminants for screen printed electrodes is shown in Figure 
6. As shown, no clear flashover dependence can be seen 
for either surface roughness or removal of surface con- 
taminants from polishing. In previous studies, an increase 
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Table 2. Flashover voltages of Al,O,, TiO,, MBT studied insula- 
tors in air as a function of electrode separation distance, d (mm). 

Screen Printed Electrodes Sputtered Electrodes 
Flashover Flashover 
Voltage Error Voltage Error 

Insulator (kV) (kV) (kV) (kV) 

AlZO, 1.58*d+1.17 f0.09 5.66*d1p -2.55 +0.29 
TiO, 1.32*d+1.06 j~O.10 3.83.dp -0.99 k0.24 
MBT 1.13.d+1.03 f0.12 3.29.d'P -1.00 +0.21 

in flashover voltage was observed for materials polished 
with Sic  to a finer finish and for materials subjected to a 
chemical etch to remove polishing contaminants [21, 221. 
An increase in flashover voltage was also noted with a-  
study by Sudarshan and Li [23], however large scatter in 
the data was also noted. The lack of observation of any 
flashover trend related to surface contaminants and sur- 
face roughness is attributed to the scatter in the collected 
data which is due to the imperfect edges of the thin elec- 
trodes. 

A variance in height of the flashover path over the insu- 
lator surface in air was also noticed with both screen 
printed and sputtered electrodes. During flashover across 
an MBT surface, the path was observed to follow the sur- 
face with no visible separation distance between the sur- 
face and the flashover. Flashovers across TiO, and AZO, 
surfaces tended to follow a curved path from electrode to 
electrode with a maximum separation distance between 
the surface and flashover of approximately 2 to 3 mm. 
Neuber, et a1 [3] observed a curved discharge path across 
Al,O, in vacuum, 10 min after the initial flashover and 
attributed this behavior to a lack of replenished gaseous 
species on the surface of the insulator. In air, however, 
plenty of gaseous atoms exist near the surface of the insu- 

5 

1 2 3 

Electrode Gap (mm) 
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Table 3. Calculated field enhancement, polarization, and effective 
surface charge at the dielectric/metal/atmosphere interface. 

Field Effective 
Enhancement . Polarization Charge 

7.2 0.12 0.0001 
TiO, 9.4 3.15 0.0017 
MBT 10.3 48.00 0.0589 

Insulator (unitless) ( pC/cm2> ( PC) 

lator, yet the flashover path across AZO, and TiO, still 
arcs away from the surface. 

Electrostatic field modeling was used to calculate the 
maximum polarization and effective induced charge accu- 
mulating at the dielectric/metal/atmosphere triple point 
due to dielectric constant and field enhancements as sum- 
marized in Table 3. The effective charge is integrated 
across the entire gap region, and the maximum polariza- 
tion is located within 0.1 mm of the triple point. The in- 
crease in polarization for high dielectric constant insula- 
tors increases the surface capacitance before flashover, 
which is known to affect the local field enhancement and 
propagation speed of the streamers [51. I n m c h  a small 
gap however, the flashover is predominantly a cathode 
process involving ionized gas and electrons. The ions and 
electrons created before flashover also see this increased 
field and polarization and likewise would be more at- 
tracted to the surface thereby creating a flashover path 
closer to the surface with high dielectric constant materi- 
als. Beverly noted a pressing of the flashover plasma across 
the insulator surface when a ground plane electrode was 
affixed to the rear of an insulator to increase the surface 
capacitance of the insulator [24]. The effective polariza- 
tion and field enhancement calculated at the triple .point 
leads to a lowering of the work function and an increase 

5 

Figure 6. Electrode material, surface finish, and contaminant influence on dc flashover voltage across MBT surface. 
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Table 4. Observed lifetime values for insulators during dc flashover. 
Screen Printed Electrodes Sputtered Electrodes 

Insulator Air Vacuum SF2 Air Vacuum sF2 
AZO, >200 >200 >200 5.4k2.3 < 3  < 3  
TiO, 4.3k3.1 < 3  < 3 4.4+2.1 < 3 < 3  
MBT 2.8+1.7 < 3  < 3 4 . 4 + 2 . 2  < 3  < 3  

in the Fowler-Nordheim emission current at lower volt- 
ages, which explains the negative trend of flashover volt- 
age with insulator dielectric constant. 

A large variance of lifetimes for the samples due to in- 
sulator and electrode deposition method was observed. 
Failure was defined as the point when either the gap was 
made conductive or when the electrode gap had widened 
an additional 0.5 mm due to electrode vaporization. A 
summary of the observed dc surface flashover lifetimes is 
presented in Table 4. Figure 7 shows a typical sputtered 
electrode before and after a flashover event. The elec- 
trode exhibits a uniform layer over the insulator before 
flashover, but upon switching, portions of the electrode 
were vaporized due to joule and ion beam heating [251. 
Initiation of successive flashovers were found to require 
increasingly larger voltages due to a widening of the elec- 
trode gap from the vaporization of electrode material as 
shown in Figure 8. After just a few flashovers, large volt- 
ages were required to initiate flashover such that the next 
flashover removed a bulk of the remaining electrode ma- 
terial due to higher stored energies and led to the failure 
of the sample. Careful SEM analysis of the electrode gap 
revealed that negligible amounts of metal were deposited 
in the electrode gap from the sputtered electrodes. How- 
ever, random islands of the sputtered electrode film still 
existed in the initial electrode region as shown in the im- 
age in Figure 7. 

A typical electrode/insulator image for the screen 
printed electrodes before and after flashover is shown in 

Figure 7. Sputtered and screen printed electrodes before and after 
flashover experiments depicting the vaporization of the electrode 
material and subsequent deposition in the gap region. 

6 

5 

ti 
8 3  c 
v) m 
ii 
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1 
0 1 2 3 4 5 6 7 8 9  

# Flashovers 
Figure 8. Flashover voltage dependence on the number of 
flashovers across insulators with sputtered silver electrodes. 

Figure 7. Backscattered SEM shows the metallization of 
the electrode gap from deposited electrode material. The 
metal hemispheres deposited in the electrode gap were 
determined by EDS to be composed of the electrode ma- 
terial. The hemispherical shape indicates that the metal 
was molten upon deposition and became hemispherical 
due to surface free energy. The edges of the electrode 
upon flashover were observed to be rounded due to local 
joule and ion heating, which removed small burrs and 
protrusions created during screen printing, thereby de- 
creasing local field enhancement factors. This observation 
might help explain the increase of the flashover voltage 
upon successive flashovers for screen printed electrodes 
across Al,O,. An increase in the flashover voltage in vac- 
uum has been experimentally shown for an insulator 
treated with a thin layer of discontinuous metal which 
could also explain the increase in flashover voltage upon 
successive flashovers [26]. 

As was shown in Table 4, Al,O, exhibited a much larger 
lifetime with screen printed electrodes in air than did TiO, 
or MBT. Although the Al,O, surface was deposited with 
electrode material from thousands of flashovers, a contin- 
uous, conductive channel was not formed. That was not 
the case for flashover across TiO, and MELT samples how- 
ever. After a catastrophic flashover, the gap could hold 
off only 200 to 600V after which the previously formed 
flashover channel, shown in Figure 9, would carry enough 
current to radiate due to resistive heating. A dark dis- 
charge path is clearly seen to traverse the electrode gap 
between the anode and cathode. This dark color indicates 
a lower average atomic number than the surrounding area 
due to a smaller secondary electron coefficient, and indi- 
cates that the black region is TiO, and not electrode ma- 



IEEE Transactions on Dielectrics and Electrical Insulation Vol. 9, No. 2, April 2002 259 

Figure 9. SEM image of a TiO, insulator after a catastrophic 
flashover. 

Figure 11. Conductive flashover path of an MBT insulator that 
shows thermal cracking and melting of the insulator. 

terial. A closer image of the discharge path is shown in 
Figure 10. The relative bright contrast of the surrounding 
oxide to the same oxide in the channel is due to electrode 
deposition at the edges of the path. The smooth, rounded 
channel features, large cracks along the discharge path, 

the application of a few hundred volts, radiates from're- 
sistive heating. The resistance of the formed conductive 
channel was found to be greater than 10 M a  at a 1 V 
bias which explains why the gap can hold off small volt- 
ages after failure. 

and the faint white ribbon in the center of the discharge 
channel indicates that large temperature variations lead- 
ing to melting, cracking, and disassociation of the insula- 
tor material were present. The milky white ribbon is be- 
lieved to a Ti rich phase and also the conduction path that 
radiates upon nominal voltage applications after failure. 
The melting of the insulator is even more prevalent in 
MBT samples as shown in Figure 11. EDS chemical analy- 
sis at the center of the jagged ribbon showed higher peaks 
for Ba and Ti than EDS performed on the bare insulator 
surface, indicating again that the ribbon is composed of Ti 
and Ba rich phases. The jagged nature and localized small 
gaps in the melted insulator explains why the electrode 
gap can withstand small voltages after failure, but upon 

Figure 10. Conductive flashover path of a TiOz insulator that illus- 
trates the thermal cracking and melting of the insulator. 

' 

To determine whether this observed failure was due to 
high dielectric constant of the insulator, insulator thermal 
properties, or thin film electrodes, a few samples of PTFE, 
NaC1, and fused quartz were prepared with 1.5 mm elec- 
trode gaps in the same manner as the other insulators and 
subjected to dc surface flashover experiments. 

Upon flashover the PTFE melted predominantly at the 
cathode and partially at the anode, causing effective switch 
failure either through vaporization and widening of the 
gap by or coating the electrode with molten insulator. The 
NaCl samples failed catastrophically by thermo-mechani- 
cally cracking and locally melting at the anode and cath- 
ode. Although both of these insulators failed, they did not 
fail as severely as did the TiO, and MBT samples. The 
fused quartz samples failed in the same manner as the 
MBT and TiO, samples, but after 15 to 30 flashovers. 
These results indicate that the thermal properties of the 
insulator are primarily responsible for the observed fail- 
ure, but a dielectric constant effect is also observed as 
noted by the fact that the fused quartz has a lower ther- 
mal conductivity and melting temperature than MBT or 
TiO,, but did not fail until after 10 to 25 more flashovers. 
MBT, TiO,, A1,0,, NaCI, PTFE, and fused quartz sam- 
ples were subjected to continuous dc surface flashover with 
45" angled solid stainless steel electrodes clamped to the 
surface of the insulator to determine if the observed fail- 
ure was independent of thin electrodes. None of the sam- 
ples failed except for PTFE which melted at the anode 
and cathode. All the insulator surfaces exhibited very lim- 
ited electrode deposition and bulk heating, even after 
thousands of consecutive multiple channel breakdowns. 
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The observation that all of the insulators did not fail 
even after thousands of discharges with solid electrodes, 
and that the solid electrodes did not deposit metal in the 
gap, indicates that the failure mechanism is dependent on 
the presence of metal species in the gap. A1,0,, which 
has a lower dielectric constant, higher thermal conductiv- 
ity, and higher melting temperature than the other insula- 
tors, did not exhibit this failure mechanism and indicates 
that the thermal properties of the insulator are also key to 
the failure. The observation of fused quartz failing simi- 
larly to the titanates, but only after many flashovers might 
be explained by Beverly's observations of increased UV 
radiation from flashovers across titanate ceramics which 
lead to higher radiative heating across the titanate surface 
[24]. Also, the observation of the flashover path traversing 
the gap closer to the surface for higher dielectric constant 
insulators would lead to an enhanced heat transfer to the 
surface. Previous studies and calculations have shown that 
the total radiated energy is 80% of the electrically mea- 
sured energy dissipated in the gap [27]. Latent heat calcu- 
lations of the channel formation indicates that enough 
electrical energy is transferred upon 10 to 15 flashovers to 
form the observed melted channel. However, this energy 
does not all manifest as heat in the gap through radiative 
heat transfer, it is also transferred into electrode heating 
and radiation directed away from the surface. The jagged 
nature of the path indicates that the failure channel was 
indeed formed where a large flashover path was and indi- 
cates the channel was formed from some mode of heat 
transfer from the flashover plasma. In accordance with 
these results it w a s  noted that t h e  fai lure  mechanism is 
due to a combination of insulator dielectric constant and 
thermal properties, and the presence of metallic species 
in the gap region during flashover. Elucidation of the ex- 
act mechanism of this channel formation is currently be- 
ing studied. 

3.2 TRIGGERED SURFACE FLASHOVER 
Typical current and voltage signals obtained upon trig- 

gered flashover across the surface of AL,O, are shown in 
Figure 12. Two distinct current waveforms are observed in 
the signal. The first waveform is attributed to the high 
voltage pulse leading to a flashover between the trigger 
electrode and the cathode which creates a current flow 
from the trigger to the cathode and corresponding slight 
decrease in the gap potential. The second waveform is at- 
tributed the surface flashover between the switch anode 
and cathode which creates a current flow from the anode 
to the cathode and the total decay of the gap potential. 
The second current waveform is similar in form and mag- 
nitude to the one observed during dc flashover and shows 
the corresponding gap potential decay as shown in the 
voltage signal. The delay between the trigger voltage and 
the total anode to cathode switch flashover was observed 
to range from 500 to 2200 ns. Figure 13 shows typical cur- 

. . .  

. . . . . . . . . . . . 

Figure 12. Typical current and voltage signals during a triggered 
flashover across an Al,O, insulator. 

. .  . . . . .  . . . . . . . . . . . .  

Figure 13. Typical current and voltage signals during a triggered 
flashover across a MBT insulator. 

rent and voltage signals obtained from tIiggered flashover 
across an MBT insulator. The current waveform from the 
trigger flashover is seen to overlap with the current wave- 
form from the anode to cathode flashover, while the volt- 
age signal rapidly decreases to zero as is observed upon dc 
surface flashover. This type of triggered flashover was al- 
ways observed across MBT and was usually seen across 
TiO,. However, approximately 1 in 10 flashovers across 
TiO, demonstrated a delay of a 100 to 200 ns between the 
trigger voltage and the anode to cathode current. 

The delay time and jitter of the first current peak with 
respect to the trigger voltage is given in Table 5. In all 
cases, the delay time was found to be approximately 20 ns 

Table 5. Triggered flashover characteristics with varying trigger volt- 
age. 

. + 1kV Trigger - + 2kV Trigger 
Delay time Jitter Delay time Jitter 

Insulator (ns) (ns) (ns) (ns) 
20.3 5.9 21.8 1.6 

TiO, 22.3 4.3 20.0 6.0 
MBT 25.0 4.9 22.3 5.6 

. 
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Table 6. Observed lifetime values for insulators during triggered 
flashover. 

Screen Printed Electrodes Sputtered Electrodes 
Insulator Air Vacuum SF2 Air . Vacuum SF2 

~~ 

Al,O, >200 >200 >200 41+11 < 3  < 3  
TiO, >200 < 3  < 3  41+8 < 3 ,  < 3  
MBT >200 < 3  < 3  34+8 < 3  < 3  

with a corresponding jitter of 6 ns, and did not signifi- 
cantly vary with the magnitude of the applied trigger volt- 
age. However, this jitter value might not correspond to 
the actual switch jitter, as these values represent the ini- 
tial current transfer and do not necessarily represent the 
total switch delay time and jitter. One realistic reason for 
the unsuspected large delay times and jitter is the trigger 
electrode positioning [5]. The single wire trigger approach 
was used as it was the easiest way to electrically trigger 
the proposed device, however it leads to non-uniform field 
distributions in the electrode gap and initially triggers only 
a small region of the gap. A thin long trigger wire travers- 
ing the length of the cathode just below the surface at 
0.25 mm would likely improve the switch performance 
drastically [28], but it is not reasonable for use in the DWA. 

The triggered flashover lifetimes in air for all three in- 
sulators with both screen printed and sputtered electrodes 
were much higher than dc values as shown in Table 6. 
The sputtered electrode lifetimes in air increased nearly 
tenfold, and all the screen printed electrode lifetimes in 
air were greater than 200 flashovers. The lifetimes in vac- 
uum and SF-2 were still limited to only one or two 
flashovers for TiO, and MBT samples due to the forma- 
tion of conductive channels during catastrophic multiple 
channel flashover. All lifetimes shown in Table 6 are for a 
triggered gap with a dc bias of less than 50% of the self 
flashover value. With an increase of the dc bias to only 55 
to 60%, the lifetimes in air decreased to dc flashover val- 
ues for both TiO, and MBT. 

. 

4 CONCLUSIONS 
C surface flashover and triggered flashover experi- d ments were conducted at latm, 0.13 Pa, and in an 

insulating fluid with thin film electrodes on insulators with 
varying dielectric constant. dc flashover voltages were 
negatively related to the dielectric constant of the insula- 
tor and were found to have a linear dependence with elec- 
trode separation distance for 15 p m  screen printed elec- 
trodes and a square root dependence for 0.25 p m  sput- 
tered electrodes. Electrostatic field modeling of localized 
electrode polarization was used to explain the decrease in 
flashover voltage with increased insulator dielectric con- 
stant. A variation in the flashover path trajectory was ob- 
served and was related to the attraction of the initial 
charge carriers to the surface due to increased polariza- 
tion from insulators with higher dielectric constants. Trig- 
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gered flashover current delay times were observed to be 
approximately 20 ns with a corresponding jitter of about 
6 ns. Short lifetimes were found for the thin film elec- 
trode/insulator combinations except for carefully con- 
trolled, triggered switching on gaps dc biased to 50% self 
flashover utilizing screen printed electrodes in an air at- 
mosphere. Short lifetimes were attributed to multiple 
channel flashover leading to the formation of a conductive 
channel across the electrode gap. Although the exact fail- 
ure mechanism is not fully understood, it has been shown 
to be due to a combination of insulator thermal and di- 
electric properties and the presence of metallic species in 
the gap region during flashover. 
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