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Surface Flashover of Silicon

FRANK E. PETERKIN, TIM RIDOLFI, LONNIE L. BURESH, BRIAN J. HANKLA, D. K. SCOTT,
P. FRAZER WILLIAMS, MEMEBER, IEEE, WILLIAM C. NUNNALLY, MEMBER, IEEE,
AND B. L. THOMAS

Abstract—The development of high-voltage semiconductor devices
has been hampered by the occurrence of flashover at the surface of the
semiconductor. The physical mechanisms responsible for this phenom-
enon are not understood. We present new empirical information which
clarifies the processes responsible for surface flashover in a vacuum
ambient by showing clearly that in flashover current flows primarily
inside the semiconductor surface rather than in the ambient. This ob-
servation is in fundamental disagreement with the standard model for
vacuum flashover of insulator surfaces.

1. INTRODUCTION

HERE HAS BEEN considerable interest recently in

the application of semiconductors to high-voltage
switching technology [1], [2]. A primary problem is that
in most cases the switches flashover at the surface under
average applied fields much less than the bulk breakdown
field of the semiconductor. This problem has plagued the
development of high-voltage solid-state devices for more
than 30 years {3], but the physical basis for this flashover
phenomenon is still not understood [2], [4]-[10].

In this paper we present new empirical information
about surface flashover of silicon in a vacuum ambient
which shows that in breakdown the current is carried pri-
marily inside the semiconductor. This observation shows
that the physical processes responsible for flashover of sil-
icon are fundamentally different than those assumed in the
standard model for flashover of insulators [11], [12].
When breakdown occurs we observe, as have other work-
ers, visible emission from a plasma in the ambient just
outside the silicon surface. This plasma may influence the
course of the breakdown, but it does not appear to be the
cause of the breakdown event. This evidence supports the
earlier suggestion of Williams and Peterkin [6] that sur-
face flashover might be caused by carrier accumulation at
the semiconductor surface as a result of electric-field-in-
duced band bending, and that of Thomas and Nunnally
[10] that current filamentation in the semiconductor sur-
face plays an important role in the process.
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Fig. 1. Schematic diagram of the experimental setup.

II. EXPERIMENTAL SETUP

Fig. 1 shows the experimental setup we used. For all
results reported here the sample was a rectangular prism
of nominally intrinsic silicon with long dimension 10 mm.
The other two dimensions varied a little between samples
and were about 7 X 2 mm. The samples were weakly
n-type, with a resistivity as measured with a four-point
probe of 1.3-1.6 k@ - c¢m, implying a carrier density of
about 3 x 10'2 cm™*. All samples were ground flat, etched
chemically with an HF-based ethcing solution, washed in
deionized water, and blown dry with nitrogen. The etch-
ant polished the sample chemically, leaving a shiny sur-
face with considerable ‘‘orange peel.’’ The sample under
test was mounted between two parallel-plane copper elec-
trodes, and contact was made by bonding an indium sol-
der alloy (Indium Corp. Alloy #1E) directly to the silicon
using an ultrasonic soldering iron. Low-voltage I-V
curves of samples prepared this way were straight lines
with slope corresponding to a sample resistivity of about
1.4 kQ - cm. The assembly was then indium soldered to
a holder in the vacuum cell. The cell was evacuated with
a small turbomolecular pump and was typically operated
at a vacuum of about 1077 torr.

Voltage was applied to the sample in pulses. The pulse
generator consisted of a laser-triggered spark gap which
discharged a length of 50-Q coaxial cable into a matched
50-Q resistor, labeled R, in Fig. 1. When fired without
the sample in place, the generator produced rectangular
pulses of magnitude up to about 35 kV with pulse length
determined by the length of the charged coaxial cable.
The pulse rise time depended on voltage, and was 15-20
ns for a 30-kV pulse. Jitter was typically 2-3 ns. One
electrode of the sample cell was connected to the gener-
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ator as shown, and the other was connected to a 50-Q ter-
mination, labeled R,. For all data reported here, a 30-kV
voltage pulse was applied across the 10-mm length of the
sample, making the average applied field 30 kV /cm. Ca-
pacitive divider voltage probes, labeled P,, P,, and Ps,
monitored the voltage on the charged electrode of the
laser-triggered spark gap, and on both sides of the sam-
ple. When used with a Tektronix 7834 oscilloscope, these
probes had overall rise times of about 1, 1, and 2 ns, re-
spectively. The total sample current could be determined
from probe P; by dividing the output voltage by 50 Q.
The current in R; was monitored using P, to measure the
voltage across a section of the distributed load.

Optical access to the front and back of the sample was
provided by 4.5- and 2-in diameter fused quartz windows,
labeled W; and W,, respectively. The sample was mounted
so that the broad faces of the sample were visible through
the two windows. A locally constructed shutter camera
and a Hammamatsu C979 streak camera were used to re-
cord the temporal and spatial development of optical
events in the sample chamber. Both cameras were capable
of near-single-photon detection sensitivity. The shutter
camera had a minimum shutter time of about 5 ns. The
time resolution of the streak camera depended on the
streak speed and the width of the entrance slit, and varied
from less than 1 ns to about 15 ns. The time scales of the
electrical and optical diagnostics could be synchronized
to within about +1 ns, but in many cases the effective
time synchronization was limited by the temporal reso-
lution of the camera. In most experiments a spherical mir-
ror, labeled M, was placed behind W, to provide an in-
verted image of the back side of the sample which could
be recorded by the cameras simultaneously with the image
from the front side. The effective optical aperture for all
photos was determined by the focusing lens, and was f/8.

III. EXPERIMENTAL RESULTS

Fig. 2 shows a sequence of shutter photographs of the
emission recorded during flashover, and a typical break-
down current oscillogram. The sample had undergone
fewer than 30 shots. Except for changes in the delay be-
tween the arrival of the voltage pulse and the onset of the
rapid current rise signaling breakdown, photos and cur-
rent traces from samples which had undergone many more
shots (up to 1000) were similar. In many cases the “‘aged”’
samples developed preferred breakdown paths whereas the
breakdown path for “‘new’’ samples varied randomly from
shot to shot. Both front and rear views are shown in Fig.
2, with the rear view being inverted by the optical system.
The positions of the edges of the sample for both views
are indicated in the figure by white dotted lines. The shut-
ter camera was capable of acquiring only one photo at a
time, so these photographs are each of a different shot.
There was substantial shot-to-shot variation, but the pho-
tos are representative of the sequence of events. The shut-
ter time was ~ 5 ns, and the time when each photograph
was taken is shown in the representative current trace in
Fig. 2(d).
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Fig. 2. Shutter photographs (a). (b), and (c) and a representative current
trace (d) showing the progress of surface flashover in a vacunm ambient
on a silicon sample which had undergone <30 shots. The applied volt-
age during the pulse was 30 kV across a 1-cm sample. Each photograph
is from a different shot, and the current trace is that recorded for the
photo in (c). The timing of each photo is shown by the vertical arrows
in the current trace. A spherical mirror was used behind the sample to
provide a simultaneous record of events on both the front and rear faces
of the sample. The image from the rear face is inverted. In the photos,
the upper photo is from the front face, the lower from the rear. In each
photo, the boundaries of the sample are indicated by the white, dotted
lines.

Fig. 3 shows streak photographs of two breakdown
events. The horizontal dimension of the photos just spans
the length of the sample, and time increases downward.
In order to see events from the entire surface of the sam-
ple, a cylindrical lens was used to focus emission into a
narrow, slit-shaped region. Since no entrance slit was
used, the time resolution was determined from the dimen-
sions of this region and was about +4% of full scale or
3.5 and 14 ns for Fig. 3(a) and (b), respectively. In Fig.
3(a) a spherical mirror was used behind the sample to re-
cord the emission from both broad faces. Since the image
of the rear face is inverted, a front moving from left to
right appears to move from right to left. This feature helps
to separate events occurring on the two faces. In Fig. 3(b)
emission is seen from only the front face because the rear
mirror was blocked.

The first optical event observable in Figs. 2(a) and 3(a)
is a small spot of light appearing near the cathode about
20 ns after the arrival of the voltage pulse at the sample.
By reversing the polarity of the applied voltage pulse we
verified that the spot is associated with the cathode and
not with a specific contact on the sample. In all cases for
which we have data, this first emission appeared after
(typically ~ 10 ns) the start of the rapid current rise sig-
naling breakdown. Within 10-50 ns after the appearance
of the cathode spot, emission spreads to other areas of the
sample surface, moving roughly as a wavefront with a
speed in the range 1-5 X 107 cm/s. As seen in Fig. 3(b),
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Fig. 3. Streak photographs and corresponding current traces of two break-
down events. The horizontal axis of the photos corresponds to the spatial
dimension along the interelectrode axis, and the vertical to the temporal
dimension, with time increasing downwards. The vertical edges of the
photos correspond to the positions of the two contacts to the sample, and
a cylindrical lens was used to concentrate emission to a thin line corre-
sponding to +4 %, or about 0.7 division on each photo. The timing syn-
chronization between photo and current trace is accurate to within this
uncertainty. (a) Streak photo and current trace showing the early stage
of breakdown. The white, dotted line is an artifact introduced to help in
determining timing synchronization with the current trace. A spherical
mirror was used behind the sample to provide a record of events on both
faces of the sample simultaneously. Both images were focussed to a sin-
gle line by the cylindrical lens. The image from the rear surface is in-
verted, making the front appear to travel in the opposite direction to that
which it actually traveled. Fronts are seen on both faces in this photo,
both emanating from the cathodic contact (on the left in the photo of the
front surface). It is clear that visible emission first appeared some 10-15
ns after the onset of the rapid current rise leading to breakdown. (b)
Lower temporal resolution streak photo and current trace showing the
entire course of a breakdown event. In this case the rear mirror was
blocked, and only emission from the front face is recorded. As in (a),
the cathodic contact was on the left.

the motion was often sporadic, and the luminosity was
nonuniformly distributed across the sample surface.
Emission also often appeared in midgap, initially uncon-
nected to either electrode. Fig. 2(b) shows a shutter pho-
tograph of such an event. Shutter photographs such as
those shown in Fig. 2 show that the emission is localized
to one, or at most a few, channels.

Fig. 4 shows typical oscillograms of the current in a
sample during the earliest stage of breakdown, as mea-
sured by P;. The trace in Fig. 4(a) was obtained from a
“‘new’’ sample ( <10 shots), and that in Fig. 4(b) from
an ‘“‘aged’’ sample which had been subjected to ~ 1200
shots. The first prominent peak in both traces is due to
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Fig. 4. Current traces of breakdown events in (@) a ‘‘new’’ sample which

had undergone <10 shots, and (b) an “*aged’’ sample which had under-

gone ~ 1200 shots. The initial peak is due to capacitive coupling and

reflects the arrival of the voltage pulse at the sample.

capacitive coupling, and provides a convenient time
marker since it results from the arrival of the voltage pulse
at the sample. For the ‘‘new’’ sample, a rapid current in-
crease signaling breakdown occurred within 10 ns of the
arrival of the voltage pulse at the sample. For the ‘‘aged’’
sample, on the other hand, a current rising slowly from
about 2.7 to more than 6 A flowed for ~ 60 ns before the
rapid current rise signaling breakdown appeared. For
“‘aged’’ samples the delay time to breakdown varied ran-
domly from shot to shot over a typical range of 100 ns or
more. It is interesting that for a series of consecutive shots
the portions of the current traces before the rapid current
rise signaling breakdown were quite repeatable. On one
such sample, these portions could not be distinguished
from each other for traces from ten consecutive shots.

The initial sample current of 2.7 A seen in Fig. 4(b) is
that expected from a sample with a volume resistivity of
2.3kQ - cm. Low-voltage /-V curves of the same sample,
both when ‘‘new’’ and ‘‘aged’” were straight lines with
slope corresponding to a resistivity of 1.4 kQ - cm. This
discrepancy may be due to the contacts, or it may reflect
the thermal carrier generation rate. Current limitation due
to the contacts would be consistent with our observation
of luminous emission from the cathodic contact, and with
the results of Donaldson ez al. who found the electric field
in a silicon sample under similar conditions to be non-
uniform along the gap axis, with the largest field near the
contacts.

The increase in breakdown delay with number of break-
down events evident in Fig. 4 was seen in all samples we
studied. For one sample, after about 1000 shots break-
down almost never occurred during the 250-ns charging
pulse. The “*aging’’ effect could be partially reversed. The
delay could be reduced substantially by simply leaving
the sample under vacuum ( ~ 1077 torr) overnight, or by
admitting dry grade N,, O,, or atmospheric air to the cell.
For these treatments, the sample could usually be ‘‘aged’’
again through the application of several hundred addi-
tional shots. The sample could sometimes be cycled in
this way several times.

The effect on breakdown of exposure to air is shown in
Fig. 5, where the delay times to breakdown are plotted
for 50 consecutive shots for an ‘*aged’’ sample which had
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Fig. 5. Plot showing the delay between the application of the voltage pulse
and the onset of the rapid current rise signaling breakdown for 100 con-
secutive shots from a sample which had already undergone about 700
shots. At the point indicated by the vertical arrow experimentation was
suspended, and room air was admitted to the cell. After two days the
cell was then evacuated again, and the delay for 50 more shots recorded.

already undergone about 700 shots. The delay for these
shots is highly variable. Also shown in the figure are the
delays for the following 50 shots obtained after the sam-
ple had been exposed to atmospheric air for two days. The
delay is much less variable, and is clearly less on the av-
erage than before exposure to the air.

We observed an interesting effect of illumination on the
breakdown of ‘‘aged’ samples. In one such sample,
breakdown almost never occurred in the absence of illu-
mination during the ~250-ns voltage pulse. We carried
out experiments in which a small portion of the laser beam
used to trigger the laser-triggered spark gap in the main
pulse generator was used to illuminate diffusely the front
surface of the sample. A portion of the main beam was
split off, attenuated, and directed into a diffuser. The light
scattered from the diffuser uniformly illuminated the front
surface of the sample located inside the test cell. The laser
pulse was about 15 ns long and struck the sample 10-20
ns before the arrival of the high-voltage pulse. For inter-
cepted illumination energy greater than some value which
we estimate to be about 1 uJ, breakdown occurred within
5 ns of the arrival of the high-voltage pulse at the sample.
By reducing the energy below this value, the breakdown
delay could be increased continuously. For a fixed laser
illumination energy, the jitter in the breakdown delay was
less than 5 ns. Surprisingly, it appeared that the 1064-nm
fundamental wavelength of the Nd: YAG laser was more
efficient at inducing breakdown than was the 532-nm sec-
ond harmonic.

CW illumination from an incandescent 40-W light bulb
in a desk lamp could also be used to decrease the break-
down delay time in an ‘‘aged’’ sample. For the sample
shown in Fig. 5 after it had been ‘‘aged’” and ‘‘rejuven-
ated’’ several times the delay was constant at 50 + 5 ns.
For full rated voltage on the lamp, breakdown occurred
within 10 ns of the arrival of the high voltage pulse at the
sample. The delay could be continuously increased by de-
creasing the lamp voltage.

IV. DiscussiON

In the commonly accepted model, surface flashover of
insulators in a vacuum occurs as a result of breakdown of
gas desorbed from the surface of the insulator [11], [12].

IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL. 37. NO. 12, DECEMBER 1990

Electrons emitted from the cathode are responsible for de-
sorbing this gas and for ionizing it through electron im-
pact excitation, and the flashover current flows in the re-
sulting plasma. Our results show very clearly that this
model does not describe flashover of our silicon samples.
Besides ionizing the atoms of the desorbed gas, electron
impact excitation also produces light emission, and such
emission is observed coincidentally with significant cur-
rent flow in vacuum flashover of insulators [13]. Micro-
discharges, a related phenomenon, are observed in pre-
breakdown activity of vacuum gaps [14]. These dis-
charges are thought to result from gas ejected from the
electrodes. Visible emission is observed from these dis-
charges for currents of the order of 10 pA.

In all cases for which we have data, breakdown started
and a current of several tens of amperes flowed before the
appearance of any visible emission at all. Further, the
sample current typically rose to a value >300 A before
emission appeared outside the region of the cathode spot,
and remained between 300-400 A for 30-50 ns before the
gap between the electrodes was bridged with lumines-
cence. Such currents could not flow through a gas dis-
charge as assumed in the standard model without inducing
visible emission. Thus, the standard surface flashover
model cannot describe flashover of our silicon samples.

Where is the current flowing? It is unlikely that currents
of this magnitude could be carried by a beam of ballistic
electrons in the vacuum. Transition radiation is generally
observed at the anode of vacuum gaps for prebreakdown
currents greater than about 1 mA / cm? [15]. We do not
see such an emission from the anode of our gap, even
though the current is many orders of magnitude larger than
the reported threshold for emission of transition radiation.
We conclude, therefore, that most of the current must flow
in the semiconductor.

The mechanisms responsible for this current flow are
not as clearly indicated. Williams and Peterkin have pro-
posed the following model of surface breakdown in sili-
con [6]. Initially, there is a thin, conductive layer at the
surface of the silicon sample. This layer is similar to the
inversion layer in MOSFET transistors, and is produced
by carrier accumulation at the surface as the result of band
bending induced by a normal electric field [16]. The
source of this field might be charge in an insulating sur-
face layer (either fixed charge associated with surface
states or impurities in a native oxide layer), or charge
bound to the surface of the layer (perhaps through the ac-
tion of electron impact). When voltage is applied to the
sample, a thermal runaway process ensues in which ohmic
heating of the conductive layer increases conductivity
through increased thermal carrier generation. The ohmic
heating increases in turn, leading to thermal runaway and
breakdown. Although there are some difficulties, the re-
sults we report here are generally consistent with this
model.

The question of the origin of the optical emission seen
in the photographs presented here naturally arises. The
most likely source is luminescence from gas evaporated
from the semiconductor surface as the result of heating.
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Emission would result from electrical breakdown of the
low-pressure gas or, possibly, from excitation associated
with the evaporation event. A preliminary examination of
the spectrum of the optical emission showed that it con-
sists of discrete lines. The only line we were able to
clearly identify was the Ha line of atomic hydrogen. Each
shot caused a pressure rise in the cell corresponding to a
liberation of 10'#-10'> atoms or molecules. Analysis of
the gas with a residual gas analyzer showed mass com-
ponents corresponding to H, H,, C, O, OH, H,0, N, or
Si, and SiO. There were also a number of components
which we believe to correspond to hydrocarbon com-
pounds.

A simple calculation [6] shows that a uniform (non-
filamentary) heating process is unlikely to induce break-
down through thermal runaway at the surface on a time
scale consistent with our results for ‘‘new’’ samples. For
example, if heat flow out of the surface conduction layer
is neglected, and a surface carrier density of 2 x 10"
cm ™ assumed, then for an applied field of 30 kV /cm and
other parameters the same as the room temperature bulk
values for silicon, ohmic heating would result in a rate of
temperature rise of about 2.5 X 10'°°C/s. If we arbi-
trarily assume that breakdown occurs when the surface
temperature has increased by 500°C, we would predict a
breakdown time of about 20 ns. While this figure might
be considered consistent with the 5-10 ns delay we ob-
serve from ‘‘new’’ samples, it is about the shortest that
can be produced using reasonable values of the parame-
ters involved, and more realistic estimates of the effect of
heat conduction out of the surface layer and of reduced
carrier mobility due to the surface, elevated temperature,
and high carrier densities would certainly increase it.

The localized nature of the observed optical emission
implies that the gas is evaporated from channels on the
silicon surface, and suggests that current filamentation oc-
curs inside the semiconductor. The assumption of fila-
mentary current conduction in the silicon is consistent with
surface damage patterns seen after a number of break-
down events, and is strongly supported by electron pho-
tomicrographs to be presented elsewhere of samples after
flashover. Thomas and Nunnally have developed a model
of breakdown in which it is assumed that current flows in
thin filaments at the surface of the silicon [10], and they
show that simple resistance heating in the filaments can
account for breakdown on the time scale we observe.

On the basis of these considerations, we propose that
the following sequence of events is responsible for induc-
ing breakdown at the surface of our samples. First, a layer
of enhanced conductivity exists at the surface of the sili-
con, as discussed by Williams and Peterkin [6]. When
voltage is applied to the sample, current flows in this
layer, resulting in roughly uniform heating. After some
time, current constriction begins near the cathode, and
current in this region becomes localized to one or more
thin filaments. The enhanced conductivity at the tip of
each filament induces increased heating there, and causes
the filament to grow in length. Breakdown is complete
when one or more filaments reach the opposite electrode.
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The current trace from the ‘‘aged’’ sample shown in
Fig. 4(b) is consistent with this model. The slowly in-
creasing current observed during the first 60 ns of the
voltage pulse is due partly to bulk conduction, and partly
to conduction in the assumed surface layer. The rate of
rise of current is much too rapid to be due to heating of
the bulk material, and is probably due to heating in the
surface layer. The observation that the current traces from
consecutive shots were quite reproducible during this time
is consistent with this uniform heating interpretation.
About 65-70 ns after the start of the voltage pulse current
we believe that constriction began near the cathode, and
one or more current filaments started growing towards the
anode. At this time, the current began to increase much
more rapidly, and about 10 ns later visible emission ap-
peared from the cathode region.

Current traces such as that in Fig. 2(d) are also con-
sistent with our model. After an initial fast rise, the cur-
rent rise slows and then becomes noticeably flat at a value
corresponding to negligible sample resistance and com-
plete breakdown. The delay time from the application of
the voltage pulse until complete breakdown could usually
be determined from such current traces to within 5-10 ns.
In all cases for which we have data, this time of complete
breakdown coincided to within about 10 ns with the time
when the visible emission first continuously bridged the
gap. Assuming the visible filament to be an indicator of
the position of the underlying current filament(s), this ob-
servation supports the important role in breakdown played
by current filamentation, as postulated by Thomas and
Nunnally [10].

The physical mechanisms responsible for the optical
triggering of breakdown which we observe remain un-
clear. Enloe and Gilgenbach have reported the optical in-
duction of breakdown of a stressed insulator [17], but it
is clear, for two reasons, that this is a different effect than
that which we observe. First, we observe induction of
flashover by 1064-nm laser radiation with a threshold flu-
ence of less than 1 uJ/cm?, and even by the radiation
from a 40-W incandescent light bulb; whereas Enloe and
Gilgenbach report a threshold fluence of about 10 mJ /cm’
of 248-nm radiation. They show that the effect they ob-
serve is the result of multiphoton ionization of and sub-
sequent electron emission from the surface of the insula-
tor. It is very difficult to explain the much lower threshold
fluence we observe with near-infrared light in terms of
such a mechanism. Second, for the effect reported by En-
loe and Gilgenbach flashover results from the charging of
the insulator surface. Even if some charging process were
operative in our case, the accumulated surface charge
would be minimal because the dielectric relaxation time
of our silicon samples is of the order of 1 ns.

The results we report suggest that the triggering of
breakdown is the result of enhanced conductivity near the
surface of the sample, which would be consistent with our
proposed model. The observation that near-infrared is
more efficient than visible light in inducing the effect is
surprising, however. Perhaps in the ‘‘aged’’ samples the
surface is damaged sufficiently that light absorbed in the
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top layer does not contribute substantially to the conduc-
tivity. The infrared light would penetrate more deeply to
undamaged material and result in a greater increase in
current density.

The physical reasons for the ‘‘aging’’ effect seen in Fig.
4 also remain unclear. The most likely explanation of the
effect is that a surface layer, probably an oxide, plays an
important role in the breakdown. Charging of this layer
could result in the surface-normal fields postulated by
Williams and Peterkin [6]. Repeated flashover events
might remove this layer and damage the silicon surface,
thereby reducing the conductivity of this surface layer and
delaying the onset of breakdown. The procedures for re-
versing ‘‘aging’’ would tend to regrow this oxide layer on
the damaged surface. An alternate explanation is based on
surface damage. Each breakdown event damages some
portion of the surface of the silicon. Damage would re-
duce carrier mobility in the inversion layer and could in-
troduce carrier traps. Both effects would reduce the sur-
face heating rate, thereby increasing the delay to
breakdown. This latter explanation is consistent with the
difference we observe between the effects of visible and
infrared illumination on breakdown.

V. SUMMARY

Our results clearly show that the standard model of sur-
face flashover of insulators in vacuum [11], [12] does not
describe surface flashover of silicon in a vacuum ambient.
The physical mechanism(s) responsible for flashover of
silicon are not indicated as clearly, but it appears that
breakdown proceeds through heating of the silicon sur-
face, followed by current constriction in this layer, and
the growth of current filaments. These results support and
extend the general models proposed by Williams and Pe-
terkin [6] and by Thomas and Nunnally [10].
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