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ABSTRACT

This paper describes the use of microdischarges between lithographically defined features as tools
for further processing. Techniques based on the use of microplasmas can facilitate the microfabrication of
complex microstructures (with dozens of structural levels) using just two masking steps, whereas micro-
arcs can be used to increase the diversity of used in microstructures to WC-Co super-hard metal alloys and
other unusual options.

INTRODUCTION

The increasing diversity of applications in microsystems for sensing and actuation motivates a
significant amount of research in lithography-based fabrication techniques. The genera goals for these
processes include the facilitation of structural complexity and material diversity, amongst others. This
paper addresses how microdischarges can contribute toward these ends. In particular, it shows how
microplasmas can facilitate certain types of structural complexity and micro arcs can facilitate materia
diversity.

MICROPLASMAS

One aspect of structural complexity is being able to etch materials to a variety of depths (perhaps
dozens) in a single microsystem. A conceivable
application may be sorting of biological species by size
within a microfluidic system. Conventional etchers,
however, employ a single plasma that acts over the
entire surface area of a wafer. Creating severa different
etch depths or profilesin a single die mandates the use of
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Fig 1: Schematic illustrating the generation
of an in-situ microplasma.

a like number of masking steps. In contrast to
traditional techniques, an in-situ microplasma is
formed by applying DC power between two thin-

film metal dectrodes patterned on the Si substrate =
and separated by a dielectric spacer (Fig. 1). This E Multicle
arrangement not only shields the substrate from | Kultiple - m:lir.

applied eectric fields, but also permits the use of | galhades
DC power, eliminating the tuning requirements of
RF plasmas [1]. The tri-layer stack also serves as
the hard mask for etching patterns that are smaller
than the confinement limit of the microplasma
The stack is fabricated by a two-mask process. | Fig. 2: (a-upper) Local  confinement of N,
Although conventional methods require only one | microplasmas at 1-20 Torr and -360 V DC in the
mask, it is notable that when several different etch | Stacked electrode arrangement; (b-lower) Plasma
depthg/profiles are required, the microplasma | 9'OW in aplanar electrode arrangement.




approach results in net savings because etch parameters of
each spatially confined etch region can be individualy
determined. The relatively small dectrode aress for in-
situ microplasmas allow power densities in the range of
1-10 W/cm? to be achieved at modest levels of input
power. The relatively large operating pressures of 1-10
Torr serve to spatially confine the plasmas. It is worth
noting that these power densities and operating pressures
are orders of magnitude larger than used conventionally.

Multiple microplasmas with  different  etch
characteristics may operate sequentially on different
regions of a wafer, and simultaneous operation is also

= possible for many cases. Figure 2a shows the
Fig. 3: A 207 pm deep etch using SF; (5.2 | confinement of the plasma around the electrodes of a tri-
Torr, 6.8 W/cm?, 24 min.). layer stack. The glow region can be scaled by adjusting
the operating pressure and power density. Figure 2b shows the glow region surrounding cathodes that are
patterned from the same thin film layer as are the anodes, in an arrangement for which all the eectrodes are
coplanar. Therelative uniformity of the glow region around the cathodes, regardiess of the separation from
the anodes suggests that the plasmais driven by secondary electrons emitted from the cathodes.

Past work has demonstrated that etch rates >17 pum/min. and through-wafer etches can be achieved
using SF,. A typical etch profileis shown in Fig. 3. The profiles obtained indicate that varying degrees of
anisotropy can be achieved using conventional approaches of selecting plasma conditions, gases, and wafer
temperature.

MICRO-ELECTRODISCHARGE MACHINING

On the issue of diversity of structural materials, it is often desirable to use certain kinds of metals
that are neither conveniently etched by plasmas nor easily deposited by electroplating, chemical vapor
deposition, or other methods conventionally used in microfabrication. Micro-electro-discharge machining
(micro-EDM) is an attractive dternative that can be used to cut any electrically conductive material,
including steel, graphite, silicon, and magnetic materials, including permanent magnets. It involves the
sequential discharge of electrical pulses between a microscopic eectrode and the workpiece while both are
immersed in a
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Fig. 4: Four-partition circuit model for SPICE simulation that uses thyristor (SCR) | fabrication, traditional
with Zener diode for modeling discharge gap. Each circuit consists of the same | Micro-EDM is limited
element with the same value. L, R, R, C,, C,, and V are 1.3 pH, 26 Q, 1 KQ, 100 | in throughput because
pF, 95 pF and 80 V respectively. Breakdown voltages of thyristor and Zener diode | it IS a serial process.
are 50 V and 20 V respectively. The use of a single
electrode limits not
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Fig. 5: Cu electrode arrays with patterned

interconnect fabricated by using LIGA technique with
two-mask alignment sequence.

only the throughput but also precision because the
electrodes themselves are individually shaped by
using a micro-EDM technique, wire €eectro-
discharge grinding (WEDG) [3], and variation may
occur in the electrode shape.

To overcome these throughput ad
material issues that exist in these technologies,
batch mode micro-EDM that uses LIGA-fabricated
electrodes has been investigated. The LIGA
process uses X-ray lithography to form high
aspect ratio molds for eectroplated structures [4-
7]. In past efforts, it was demondrated that
electroplated Cu electrodes provide acceptable wear
resistance [8]. It was aso shown a parald
machining for perforations in stainless steel by
using 3x4 arayed eectrodes with 100 pm
diameter and 500 um pitch could be achieved.

More recently, we have explored eectrode
arrays with lithographically fabricated interconnect

for the purpose of increasing spatial and temporal density of discharge pulses [9,10]. Examination of
machined surfaces and the pulse waveforms reveals that as the number of RC pairs increases, the pulse
energy and the surface roughness both increase. These may be attributed to the role of the parasitic
capecitance between the patterned interconnect and the Si substrate, which increases the total effective
capacitance and also permits cross-talk between electrodes. We have developed an electrical equivalent of the
pulsed arc discharge using an SCR and a Zener diode (Fig. 4). This permits the use of SPICE simulation
for the discharge circuit to model the impact of electrical parasitics on the cross-talk between partitions in

an electrode arrays[11].

A new circuit configuration that uses the on-chip parasitic capacitance instead of external capacitors

to control the discharge pulse timing has been
developed. The primary changes are that the external
capacitors have been dropped and the dectrode
substrate is tied to the positive supply terminal.
This arrangement is highly amenable to large size
arrays because al the pulse control circuits elements
can be integrated. In addition, it offers acceerated
machining rates, and tighter tolerance than
conventional schemes. Stainless steel workpieces of
100 pum thickness were machined by 100 um x 100
M sguare cross section electrodesin only 86 s using
an 80 V power supply. The machined holes were
only 5 um wider than the electrodes, while the
surfaces were smooth and did not exhibit any
degradation with increased €ectrode or circuit
multiplicity. These results demonstrate that highly
integrated electrodes and circuits will be practica to
use for high-yield and high throughput production.
Using €electrode arrays with four circuits, batch
production of 36 WC-Co gears with 300 um outside
diameter and 70 pm thickness in 15 min. was
demonstrated (Figs. 5, 6).

Fig. 6: WC-Co super hard alloy gears cut from a 70
pm thick workpiece using electrode arrays of Fig. 5.




CONCLUSIONS

These efforts demonstrate the use of lithographically fabricated microstructures as process tools that can
assist in further fabrication. In the case of microplasmas, patterned thin film metal layers were used as
electrodes for a plasma tool which can be used even in the packaging sequence to fine-tune certain elements
without the use of lithography at that point. For the case of micro-EDM, lithographicaly formed
electrodes are used to batch process a wide diversity of materials that are not amenable to microfabrication
by conventional means.
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