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The feasibility of micrefabricated ion engine grids was investigated by studying the ability
of these grids to withstand electric breakdown. Electric breakdown strengths of silicon

oxide insulator material were measured using specially designed test chips.
breakdown as well as breakdown through bulk material

Both surface
were noted. Surface breakdown

electric field strengths as low as low as 2 V/um were found whereas breakdown strengths for

bulk silicon oxide material

ranged between 120

- 280 V/um. Low surface breakdown

strengths pose significant feasibility concerns for microfabricated grids.

I. INTRODUCTION
Background and Significance

Within the National Aeronautics and Space
Administration (NASA), a research and development
initiative is currently underway to investigate the
feasibility of microspacecraft in the 1-20 kg class. The
motivation behind this development is the desire to reduce
launch masses in order to reduce mission costs and greatly
increase launch rates. Launch costs for a typical
interplanetary mission may be as high as 30% of the
overall mission cost and these costs may be reduced
significantly as a result of substantially reduced spacecraft
masses. In addition, microspacecraft mission scenarios
may be envisioned where, rather than launching a single
large spacecraft, the mission is accomplished by a fleet of
several smaller microspacecraft, with the scientific
payload distributed among the micro-craft to reduce
mission risk. Loss of one microspacecraft would not
eliminate the entire mission.

Building microspacecraft in the 1-20 kg class,
however, will necessitate the miniaturization of every
subsystem in order to maintain a high degree of onboard
capability required to ensure an acceptable scientific return
for the mission. One of the sub-systems that will need to
be included to undergo such a reduction in weight and size
is propulsion. Although in the past many very small
spacecraft have lacked propulsion systems altogether,
future micro-spacecraft will likely require significant
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propulsion capability in order to provide a high degree of
maneuverability and  capability’. In particular,
interplanetary microspacecraft mission scenarios will
require significant propuision capability for deha-v
maneuvers.

Since delta-v requirements obviously do not
depend on spacecraft mass, microspacecraft delta-v
requirements will be comparable with today’s
requirements for larger spacecraft, depending on mission
type. In a recent Micropropulsion Workshop held at the
Jet Propulsion Laboratory (JPL), delta-v requirements for
microspacecraft were estimated at up to 3400 m/s using
chemical propulsion and up to 7000 m/s using electric
propulsion®” based on delta-v budgets required for current
small spacecraft mission scenarios. In order to maintain
reasonable payload fractions, high specific impulse
thruster devices will almost certainly be needed for
microspacecraft.

One of the most mature high specific impulse
propulsion technologies available today is ion engine
technology. However, even the smallest available ion
engines today are far too large, too power consuming and
too heavy for spacecraft in the mass ranges considered
here’. Therefore, micro-ion engine concepts have recently
been proposed based on the use of microfabrication, or
MEMS (Microglecromechanical Systems), techniques*®
MEMS techniques offer the potential of order-of-
magnitude weight and volume reductions over currently
available engine types, however, raise multiple feasibility
concerns both in the fabrication and operation of ion
engines. Among them are:
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(1) High Surface-to-Volume Ratio Plasma Discharges:
Available discharge volumes in micro-fabricated ion
engines may be very small and characterized by a high
surface-to-volume ratio, increasing electron wall losses,
thus reducing the efficiency of the discharge, and possibly
leading to discharge ignition and sustainability problems.

(2) Accelerator Grid Systems: lon engine accelerator grid
systems need to be able to stand off voltages in excess of
1 kV between various grids and provide sufficient grid
lifetimes, which may total many thousands of hours.
These performance characteristics need to be maintained
on the micro-scale. If MEMS materials are to be used in
the fabrication of these grids, material feasibility issues
may arise.

(3) Micro-Power Conditioning Systems: An ion engine
subsystem does not only consist of the thruster unit(s).
but will include a power conditioning system as well to
provide the required voltages to the engine. Power
conditioning units will have to be miniaturized along
with thruster units to results in significant overall system
weight savings.

(4) Micro-Propellant Feed Systems: As for the power
conditioning system, propellant feed systems will need to
be miniaturized along with thruster technology to reduce
overall system weight. Feed systems will include valves,
and, thus, devices featuring movable components, which
may pose a particular challenge during miniaturization.

Among the feasibility issues listed above, micro-ion
engine power conditioning design issues need not be
addressed before feasibility of the thruster technology
itself has been demonstrated. In the propellant feed system
area, valves have been developed for commercial
applications for several years, however, require additional
improvements to be suitable for the rigors of space flight.
A mass flow controller-on-a-chip, termed a micro-gas
rheostat, is currently under development by Marotta
Scientific Controls, Inc. under an SBIR program and may
find applications in micro-ion engine feed systems.
Among the thruster-specific feasibility issues, micro-
discharge related phenomena are currently being studied at
the Massachusetts Institute of Technology (MIT) and are
detailed in Ref. 6.

This paper focuses on feasibility issues related to the
design and operation of micro-fabricated ion accelerator
grid systems on the MEMS scale. The advantage to using
such grids, if successful, is their ability to provide
electrostatic gimbaling, eliminating heavy mechanical
gimbals. As illustrated conceptually in Fig. 1, in a
conventional three grid system, the third, or decelerator,
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Fig. 1: Concept of Electrostatic Gimbaling

grid could be split into separate regions to which different
electrostatic potentials are being applied, thus allowing to
control the positively charged ion beam.

Scope of this Study

The goal of this study is to investigate electric
breakdown phenomena in microfaricated grids to assess
their feasibility for micro-ion engine use. In a grid
concept such as that shown in Fig. 1, the electric
breakdown characteristics of the insulator material are of
crucial importance to the success of such an approach.
Values of up to around 1 kV have to be stand off between
grids. Silicon oxide is the material of choice for electric
insulation purposes in the MEMS field and was thus
considered for grid insulation in micro-ion engine
accelerator systems as well. Other dielectrics, such as
silicon nitride, have been used for insulation in the
semiconductor industry and show similar electric
breakdown strengths as silicon oxide’. However, due to
large intrinsic (tensile) film stresses, nitride films have a
tendency to crack at film thicknesses larger than 0.2 - 0.3
pum™®. As will be seen below, these thicknesses are by
more than one order too small to stand off the required
voltages in excess of 1 kV found in ion engine accelerator
systems. Thus, nitride films were not investigated.

Furthermore, this study focused exclusively on the
investigation of electric breakdown characteristics as a
first Jogical step in the feasibility assessment of micro-
fabricated grids and no determination of grid erosion and
lifetime issues was attempted. Determination of grid
erosion phenomena and grid lifetime issues, although of
crucial importance to the feasibility assessment of jon
accelerator grids, were considered premature at this point
given the more fundamental issues concerning electric
breakdown that need to be resolved first and were thus not
included in this study.
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1. TEST CHIP FABRICATION AND
EXPERIMENTAL SET-UP

Severa test chips were designed and micro-fabricated
to investigate the electric| breakdown characteristics of
silicon oxide as a grid insulator material. A conceptual
sketch of the chip, in profile, is shown in Fig. 2. The
chip consists of a silicon substrate onto which a
polysilicon layer has been deposited using a chemical
vapor deposition (CVD) process. After deposition, the
polysilicon layer was doped to a resistivity of about 10
Q/0 to make it eectricaly conductive. Following
doping, a silicon oxide layer was CVD deposited at about
450 C to a thickness of 2.7 umJ This process was
performed at the University of California a Los Angeles
(UCLA) using a calibrated deposition process that allows
precise growth of oxides to a specified thickness by
accurately timing the process.

Next, the oxide layer was patterned and a window was
etched into it to open an electrical contact to the
underlying polysilicon layer. Using this window, the
oxide thickness could be measured and verified using a
pmfilometer with a piezoelectrically| driven probe tip.
Finally, the aluminum contact pad and an aluminum
heater coil were fabricated using photoresist and
lithography, evaporation of aluminum, and lift-off in
acetone of the excess aluminum, defining the pad and|
heater coil. Aluminum thicknesses for the pad and heater
were 0.25 pm. Voltages to the chip can be applied to the
aluminum and polysilicon pads respectively. The heater
coil allows for heating of the chip to determine
temperature  effects  on the electric breakdown
characteristics of the oxide. Temperatures as high as 350
C inthe center of the chip and in excess of 400 C directly
underneath the heater could be obtained.

A picture of acompleted test chip is shown in Fig.
3. The contact pads and the surrounding heater coil, with
its own electric contact pads, are visible. This first
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Fig. 2: Conceptua Sketch of Test Chip
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Fig. 2: Grid Breskdown Test Chip

generation of test chips served a dua function. Besides the
already mentioned goal to determine oxide electric
breakdownl characterigtics, this generation of chips also
served to identify the best design for this type of test
chips. Since about two dozen chips could bel fabricated on
asingle 3" wafer, chip designs were varied slightly on the
wafer. For example, contact pads were spaced at distances
between as low as 200 pm| to as high as 650 pm to
account for the possibility of surface discharge effects and
contact pad sixes were varied to determine the ease of
contacting procedures when mounting the chip into the
probe station (see below). Evaluating chip performances
in thisfirst test run will thus allow for more optimized|
test chip designs in future tests, should they be required
Finally, since al chips tested were made from the same
wafer, chip-to-chip consistency of the oxide layer to be
investigated was ensured.

It should be pointed out that higher temperatureCVDI
oxide processes, performed at temperatures as high as
1000 C, would have led to higher quality oxides with
fewer crystal defects. As a result, electric breakdown
strengths for high temperature oxides are about twice as
high as those for the low temperamre oxide (LTO) used
here’. However, due to an equipment failure at the time of
chip fabrication, no high temperature oxide deposition
was available and LTO was used instead in this firstl
generation of chips.

The chips were mounted one at a time into a quartz
fixture (see Fig. 4) and placed into a probe station. Quartz
was used to mount the chip because of its ability to
withstand the temperatures encountered when heating the
chip, and the fact that it would provide electrical
insulation when applying high voltage to the chip. The
probe. station shown in Fig. 4 is standard equipment in
the semi-conductor industry and alows for the electrical
check-out of chips using easily removable eectric
contacts. Electric probes contact the chip in the designated
contact pad areas to apply high voltage or heater power.
The contacts can be moved using small micrometer

437



Fig. 3: Test Set-up

screws and thus precise positioning of the probetipsis
possible. Obviously, each chip can only be used once
during a breakdown experiment and will need to be
exchanged for another chip for the next experiment. The
probe station allowed for the rapid exchange of chipsand
thus provides sufficient flexibility for this type of
experiment.

Just above the probe station, visible at the upper
edge of Fig. 4, an infrared camera (Inframetrics§ Model PN
300) is mounted. The purpose of this camera was to
record chip temperatures during breakdown experiments
performed at elevated temperatures, however, it also
proved itself as an excellent tool to record the frequency
and type of arcing on the chip and was subsequently used
for this purpose as well.

High voltage was applied to the chip via the probe
tips by a portable DC Hypot &vice (Model 5220A) madel
by Associated Research, Inc. This device is able to
provide high voltages up to 15kV at current levels of 2
mAl or less. Voltages were recorded with a calibrated
multimeter (Fluke Model 87) connected in parallel to the
Hypot outlets. Currents werer measures with the meter

Table 1; Results of Electric Breakdown Tests
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that was integrated with the Hypot instrument. A post
test calibration determined that these current values were
werel considered sufficient for this set of experiments,
accurate within 3 - 5 % depending on scale. These values
since emphasis was placed on recording breakdown
voltages to determine electric breakdown field strengths.

1. ELECTRIC BREAKDOWN
EXPERIMENTS

A total of ten chips was tested for oxide insulator
breakdown. All chips were cleaned in acetone prior to
testing and handled with tweezers exclusively after
cleaning in order to minimize the potential for surface
contamination. Breakdown voltages obtained with the
different chips are recorded in Table 1 typically ranging
between 400 - 800 V. It became quickly apparent in the
course of these experiments that two modes of electric
breakdown were present: surface breakdown along the
oxide surface between the contact pads and breakdown
through the bulk of the slicon oxide layer to the
underlying polysilicon layer. For this reason, electric field
strengths based on the measured breakdown voltages and|
the separation between pads and oxide thickness,
respectively, are also listed in Table 1, and are
subsequently labeled as surface breakdown field strengths
and substrate breakdown field strengths, respectively. Thel
mode of electric breakdown (i.e. surface or substrate) is
aso identified in Table 1.

Examples of the two modes of eectric breakdown are
shown in Figs. Sand 6. In Fig. 5, a surface breakdown is
shown. Arcs, attached to the eroded boundary of the
aluminum pad, extending in direction towards the
polysilicon contact pad, can be seen. Notable is the high
degree| of erosion of the aluminum pad. Videotapes of
surface arcing was obtained and two distinct phases in this

Chip ID  Chip Temp. Breakdown Contact Pad Eguveratd Esariacd Breakdown

(C) Voltage Gap Mode

(V) (um) (V/pml|) (V/pm)
iB 23 500 220 185 23 Surfacel
2B 23 411 236 152 1.7 Surface
3B 23 767 694 284 11 Substrate
4B 23 768 678 284 11 Substrate
2A 23 817 375 303 2.2 surface
%A 23 629 233 surface
3A 110 479 223 177 2.2 Substrate
4A 110 324 692 120 0.5 Substrate
Al 110 382 177 41 2.2 surface
588 233 218 Surface
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breakdown process were observed. First, surface arcs were
observed that extend all the way from the aluminum to
the polysilicon contact pad area, increasing in number and
frequency as the voltage is being raised. In the second
phase, an arc seems to attach itself at one location on the
aluminum contact pad edge facing the polysilicon pad and
heavy erosion of the auminum pad follows, until an
erosion pattern as shown in Fig. 5 results.

In Fig. 6, a substrate breakdown can be observed. In
the case of these types of breakdowns, arcs occurred at
seemingly random positions in the area occupied by the
aluminum contact pad and arcs did not connect at any
time to the polysilicon contact pad area. While surfacel
breakdown processes can readily be identified through
observation of the arcs extending along the surface from
one pad area to the other| the breakdown modes labeled as
substrate breakdown require further analysis to confirm
that breakdown from the aluminum through the oxide to
the underlying polysilicon surface had indeed occurred. To
this end, scanning electron microscope (SEM) images
werel taken and electron induced x-ray fluorescence was
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performed| on the samples to determine material
compositions of various regions of the chips.

Figure 7 shows an SEM scan of the chip shown’
undergoing arcing in Fig. 5. Polysilicon and aluminum
contact pad areas can easily be identified in the top and
bottom of Fig. 7, respectively. The aluminum pad is
severely eroded and channel structures have formed in the
silicon oxide surface underneath the aluminum contact
pad, now exposed due to the aluminum erosion. These
channel structures may be conductive channels that
formed in the oxide after heavy arcing. The features were
too small to alow for the measurement of electrica
conductivity, however, the channels contain multiple
aluminum fragments, visible as the bright, spotted areag
along the channdls in Fig. 8. Also visiblein Fig. 8 is the
origina attachment point of the arc, identified as “starting
point” of the channel structure. Aluminum fragments
strewn across the silicon oxide surface area between the
aluminum and polysilicon contact pads can be noted, as
well as avery thin layer of aluminum deposited on top of
the silicon oxide surface area just adjacent the initia arc
attachment point, outside the origina aluminum contact
pad area. This duminum layer was likely vapor deposited
as aresult of the heat dissipated during the arcing.

In Fig. 9, a closeup of the eroded aluminum
boundary is shown, revealing a ragged edge, likely formed
by dectric fields deforming the softened aluminum during
arcing and providing attachment points for the arcs seen
in Fig. 5. The upper right comer in Fig. 9 isthe silicon
oxide surface laid bare due to aluminum erosion and
littered with multiple remaining aluminum fragments.
The polysilicon contact pad area, on the other hand, has
maintained much of its integrity, as can be seenin Fig.
10J Note that, according to Fig. 2, the polysilicon areais
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Fig. 10: Polysilicon Contact Pad of Chip 1B after
Surface Arcing

actually being viewed through a window in the silicon
oxide surface. Some melting of the oxide surface near the
corner of the polysilicon contact pad area is evident. The
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dark spots visible on the polysilicon surface showed no
trac: - ~ther than silicon in the x-ray flucrescence scan and
are 1.~ ~zfore believed to be pit marks, possibly a result of
arc aiachments in those regions.

The degree of aluminum pad erosion and channel
formation depicted in Fig. 7 is quite severe. It was noted
that the features observed in this erosion process form in
phases with increasing voltages applied between the pads.
Although surface breakdown for the chip shown in Fig. 5
(Chip 1B) occurred at about 500 V, the voltage was
subsequently increased further up to about 1 kV. For the
chip shown in Fig. 11 (Chip 4A), on the other hand,
voltage was increased to only 870 V (after surface
breakdown occurred initially at 400 V) and for the chip
shown in Fig. 12 (Chip 6A) voltage was not raised
beyond the point of initial breakdown (588 V). As can be
seen by comparison, the aluminum contact pad is eroded
first 10 some extend and then, as the voltage is increased
further, the channel structures begin to form and grow.

For a substrate breakdown process an entirely
different picture emerges. Figure 13 shows Chip 4B after
breakdown. Only a small pinhole in the aluminum
contact pad can be noted. Upon closer examination, the
pinhole reveals the different layers the chip consists of
(see Fig. 14). Starting with the aluminum surface of the
contact pad, a thin annular ring of remaining silicon oxide
material can still be seen underneath the aluminum layer,
followed by the bulk of the polysilicon material. The
polysilicon material appears to have undergone melting
during the breakdown process as indicated by its surface
structure. This picture thus gives strong evidence that
indeed breakdown through the silicon oxide material to
the polysilicon has occurred. Corroborating  this
observation seems the fact that no markings of any kind
can be found in the polysilicon contact pad area.

Al-Surface

Fig. 11: Chip 2B after Surface Arcing up to 87 v
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Fig. 15: Possible Modes of Grid Breakdown in Ion
Accelerator Systems

Inspecting the data presented in Table 1, one notes
the significant difference in electric breakdown strengths
depending on whether a substrate or surface discharge has
taken place. Substrate breakdown field strengths range
between 120 - 280 V/um, while surface breakdown
strengths are a mere 1.7 - 2.5 V/um, The latter values are
of particular significance, since in a typical
microfabricated accelerator grid design both bulk as well
as surface breakdowns may occur. As indicated
conceptually in Fig. 15, breakdown along insulator
surfaces may occur along the walls of the grid aperture.
Given that oxides cannot be deposited at thicknesses
significantly above 5 um due to intrinsic thin film
stresses leading to film cracking, the voltages that can be
stood off along the oxide surface between the two grids is
orders of magnitude below the required value of 1 kV or
more. Although the oxide surface exposed at the grid
aperture walls may be contoured to increase current paths
during arcing from one grid to the other, the required
increase in path lengths appears too large to be achieved
using this technique. Since these tests were performed in
air, there is a possibility that vacuum testing could lead
to different results. However, according to Ref. 9, for a
gap of about 200 pm at atmospheric pressure, Paschen
breakdown should not occur until about 1 kV or more.

Substrate breakdown field strengths, on the other
hand, appear marginally sufficient for use of oxide films
in ion engine grid systems. If one were to assume that
electric breakdown field strengths are not dependent on
film thickness (which the current data cannot support
since all data were taken at the same film thickness), a 5
um thick oxide film would lead to breakdown voltages of
600 - 1400 V using the here observed data. Using better
quality oxides, such as high-temperature deposited oxides,
may further increase these voltage values by a factor of 2
- 3. Future experiments will be required to confirm these
estimates.
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No clear picture emerges regarding the temperature
dependence of the electric breakdown strengths with the
data obtained in this set of experiments. Due to several
heater failures, tests performed at elevated temperatures
were severely limited. Chips with failed heaters, however,
were used for ambient temperature tests, so that a larger
number of data exists at these conditions. Substrate
breakdown field strengths at ambient conditions range
around 280 V/um, at 110 C between 120 - 177 V/um and
at 153 C above 218 V/um. Although the data found at
110 C seem to indicate a reduced breakdown field strength
at elevated temperatures, this effect seems reversed when
increasing the temperature further to 153 C. However,
note that the amount of data does not provide a
sufficiently large statistical basis to draw any
conclusions. Surface breakdown field strengths all range
closely around 1.7 - 2.5 V/um and no clear trend with
respect to temperature can be determined. It is interesting
to note in Table 1 that, whenever surface breakdown field
strengths are sufficiently below the 2 V/um value due to
large contact pad gaps, substrate breakdown occurred first.
An exception is chip 3A, where even at a field strength of
2.2 V/um no surface breakdown occurred.

Leakage currents prior to breakdown were measured
and, when combined with the voltage measurements,
resistances between the contact pads could be calculated.
Resistances found for all chips, virtually independent of
temperature, where found around 10 - 11 MQ. In the case
of substrate breakdowns, the resistance fell after
breakdown to values around 40-50 Q while resistances
remained unchanged at the 10-11 MQ values after surface
breakdown.

IV. CONCLUSIONS

Electric breakdown tests performed on silicon oxide
insulator material under consideration for microfabricated
ion accelerator grids were performed and have identified
two modes of possible breakdown: surface breakdown
along the oxide surface and substrate breakdown through
the bulk of the material. While electric breakdown field
strengths through the bulk of the material were found to
be around 120 - 280 V/um, values for surface breakdown
were only around a couple of V/um. For maximum
obtainable oxide film thicknesses of around 5 pm, electric
breakdown characteristics through the bulk of the material
may thus be marginally sufficient for accelerator grid use
requiring stand-off capability of about 1 kV, in particular
when better quality oxides are used, expected to lead to an
improvement in breakdown strengths by a factor of 2 - 3.
However, surface breakdown field strengths are
insufficient and pose a severe feasibility concem for
microfabricated ion engine grids. Surface breakdown is
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possible in ion engine grids along insulator surfaces
exposed along grid aperture walls. Although the insulator
surfaces inside the grid apertures may be contoured to
result in longer surface current paths, or improved oxides
could be used, it is doubtful that sufficient gains will be
made for breakdown voltages to exceed the required grid
operating values. Experiments, however, should be
repeated in vacuum. Noteworthy is also the severe erosion
of the aluminum pad, likely due to the fact that the pad
was very thin, as is typical for metal films in the MEMS
area. Thus, grid erosion may be of particular concem for
MEMS fabricated grids. Future tests should be performed
with high-temperature CVD deposited, high quality
oxides at varying oxide film thicknesses to confirm the
conclusions drawn in this paper. Contact pads should be
placed in excess of 600 um to avoid surface discharges.
Additionat test chips could be fabricated to isolate surface
breakdown processes by placing two conductive contact
pads next to each other on an insulating oxide surface at
various distances. However, in view of the results
obtained in this paper, emphasis should also be placed on
microgrids fabricated using more conventional (non-
MEMS) fabrication methods.
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