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ABSTRACT

In order to understand the details of high-field breakdown in
microstructures that are vacuum packaged, a series of experiments
are used to determine characteristics of microdischarges.  It is
found that many of these contradict conventional assumptions
based upon large scale discharges.  When planar microelectrodes
are used, Paschen’s curve is not followed; the anode and cathode
current paths are a strong function of pressure; voltage gradients
are supported in the glow region; and the glow region is confined
directly over the cathode.  It is shown that magnets can be used to
further confine the discharge.  This information is pertinent for
recently reported devices that exploit microdischarges for sensing.

I.  INTRODUCTION

Electrostatic sensing and actuation are pervasive in MEMS
technology not only because of the wide variety of materials that
they accommodate, but also because they are generally power
efficient [1-4].  In many cases performance measures such as
sensitivity and dynamic range of sensors, or force and displacement
of actuators are limited by the highest electric field that can be
safely achieved, or voltage bias that can be applied.  While there
has been an incipient effort to study this phenomena at atmospheric
pressure [5], most such devices are packaged in vacuum.  In
addition, the spatial distribution of the electric field and breakdown
current, which are critical parameters for sustained avalanche
breakdown, have not been reported in the context of
microstructures.  By addressing these questions, this paper attempts
to establish design guidelines for high field devices.  In doing so it
also addresses the requirements for sustained arcs and
microplasmas which have been successfully used etch silicon
wafers and sense chemical impurities in liquids and gases [6,7].
The experiments demonstrate that microdischarges violate many of
the assumptions used routinely for larger scale discharges.

II.  STRUCTURE AND EXPERIMENT

It is conventionally believed that the breakdown voltage (BV)
in a vacuum environment follows the Paschen curve (Fig. 1) which
indicates that a minimum voltage is achieved at a particular product
of pressure and separation between bias electrodes (P•d).  This is
constrained by fewer collisions at lower pressure and lower
collisional energy at higher pressures, both of which necessitate a
higher electric field to sustain the avalanche breakdown.  However,
with most microstructures, multiple path lengths are simultaneously
available, which makes the discharge gap a variable, and permits a
low BV to be sustained even as the pressure changes from the value
that favors the minimum electrode separation (Fig. 1).

In order to measure the spatial distribution of discharge
current, a discharge was created between planar thin-film metal
electrodes on a glass substrate at various levels of vacuum.
Segmented electrodes (Fig. 2) were first used as a cathode, and then
as an anode to measure the difference between the bias-dependent
trajectory of the positive ions and electrons respectively, in a
nitrogen ambient.  Figure 3 shows that the cathode current favors
longer paths at 1.2 Torr, but at 6 Torr the distribution between the
four pads is comparable.  In contrast, the same change in pressure

results in a more dramatic change in the spatial distribution of
anodic current, (Fig 3).  This asymmetry is believed to be caused
by secondary emission electrons, which are abundant near the
cathode, in sustaining microdischarges, as discussed next.

Another important aspect of microdischarges that differs
from conventional assumptions is that the glow region is confined
to the proximity of the cathodes (Fig 5).  This suggests that the
ionization events in microplasmas are driven primarily by
secondary electrons emitted by the cathodes.  In contrast, larger
scale plasmas have a glow region that extends between the
electrodes, with a prominent dark sheath near the cathode.  This
phenomenon can be critical to the design of microdischarge-based
sensors and display devices that have recently been reported [7-10].
In addition, the voltage in the glow region of large-scale plasmas is
nearly constant.  Most of the voltage drop is across the sheath near
the cathode, which has a diminished electron population.
Measurements of the potential distribution of microdischarges were
performed using the arrangement shown in Fig 6.  In contrast to
large scale plasmas, microdischarges show a significant voltage
gradient (electric field) in the glow region over the cathode, which
ranges from 0.10–0.25 V/µm over 1.2–6 Torr (Fig. 7,8).

By using concentric cylindrical magnets located beneath a
planar electrode, we have been able to tailor the shape of the glow
region, demonstrating that the microdischarge mechanism can be
controlled in a spatially selective manner (Fig 9).

In conclusion, these results demonstrate how breakdown in
vacuum varies with design parameters and operating conditions,
and that it can be substantially different from conventional
assumptions.
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Fig. 1:
Paschen
voltage
breakdown
curve for
parallel and
planar
electrodes
with 500µm
spacing.
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Fig. 2: Planar Ti electrode
configuration, patterned
on glass to measure
cathode current density.
Cathode is split into
separate paths, where the
current is independently
measured.  Polarity can be
reversed to measure anode
current density.
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Fig. 3: Normalized current in the cathode electrode for an N2

microplasma, operated at 1.2 Torr (a-left) and at 6 Torr (b-right).
Fig. 4:  Normalized current in the anode electrode for an N2

microplasma, operated at 1.2 Torr (a-left) and 6 Torr (b-right).

Fig. 5:  Air
microplasmas with
varying electrode
spacing show that
the glow exists
only over the
cathode, and is
independent of
spacing, but
dependent upon
pressure and power
density.

Fig. 6:  Plasma
floating potential
VP, is measured by
varying applied
voltage VP’  to find
the value at which
V2  is zero.  The
inset shows the
dimensions of the
planar electrodes.
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Fig. 7:  Floating potential of an N2

microplasma at 1.2 Torr (a-left) and 4 Torr
(b-right), generated by the electrodes
shown in Fig. 6.  Voltage is measured
along X for varying heights over the
coplanar electrodes.  The plasma becomes
more confined at higher pressures.
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Fig. 8:  Floating
potential of N2

microplasmas at
varying pressures, as a
function of above
electrodes at X = 1.2
mm.  Glow height
decreases and voltage
gradient increases w/
increasing pressure.

Fig. 9: Microplasma at
1.2 Torr confined using
a coaxial magnetic
structure.


