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INTRODUCTION

There has been considerable interest in

developing dry processes which can
effectively replace wet processing in the
manufacture of large area photovoltaic
devices. Environmental and health issues are
a rnaj or driver for this activity because wet
processes generally increase worker exposure
to toxic and hazardous chemicals and generate
large volumes of liquid hazardous waste. Our
work has been directed toward improving the
performance of screen-printed solar cells
while using plasma processing to reduce
hazardous chemical usage [1].

The self-aligned selective-emitter (SASE)
plasma-etchback and passivation process
incorporates a sequence of three plasma
treatments. Cells which have received
stand&-d processing through the printing and
ftig of gridlines undergo reactive ion etch
(’WE) with an SF, plasma to etch away the
most heavily doped part of the emitters. This
is followed by a plasma deposition of silicon
nitride and an ammonia plasma passivation
step.

We have been developing plasma models to
simulate each of these processes in sufficient
detail that they can be used for process
development and control. Reported here is the
modeling of the SFG RIE plasma. In order to
refine the chemicaI mechanism, a variety of
diagnostic measurements were performed on
the SFG plasma, including silicon etch rates,
mass spectrometry probes, Langmuir probe
measurements of ion saturation currents, and
gas temperature with fluoroptic probe.

DESCRIPTION OF THE CALC
VTJThe plasma simulations were done u m e

computer code AUROR4 [2], which employs

CHEMKIN [3] and predicts the steady-state
properties of a reactor for plasma chemistry
systems. Our approach to plasma modeling is
to incorporate all the known chemistry and
physics, and make best estimates of the
unmeasured, but expected chemistry. For
example, much of the plasma behavior is
governed by electron collisions with SFb. We
rely heavily on cross section measurements
[4,5,6] for the many channels such as
ionization to give SFJ, SF; etc.,
fragmentation to give SF~, SFd, etc.,
attachment to give SF;, and vibrational and
electronic excitation of the SFb. The cross
sections (u) are measured vs. electron energy,
and the predicted rate of a given reaction is
calculated as the overlap of the electron
energy distribution and the c vs. E curve. We
convert the reported cr data into Arrhenius
form for computational ease. This introduces
a small error which is deemed negligible
relative to uncertainty in the actual electron
energy distribution in the plasma.

Reaction rates for the neutral reactions are
very poorly known. Fortunately, the low
densities of radicals in the plasm% and low
total pressure result in relatively minor
contribution flom many of the expected
radical-radical reactions. Three-body
recombination reactions such as F + F + M =
F2 + M (where F is fluorine and M represents
any third body molecule) are expected to play
a role even at these reduced pressures. The 3-
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Fig. 2. Double-pinch, double-drive z-pinch load. Each
pinch is driven by one-half of the machine.

An aggressively-designed four-level vacuum-water
insulator stack and MITL design has been evaluated in an
attempt to minimize inductance. The stack uses cross-
Iinked polysytrene (Rexolite), very little water flare, a
cathode flare of the vacuum MITLs at the stack, and
shaping of the plastic at the anode triple point. The inner
diameter is 4.9 m (16 ft.), and the height of each stack is
33 cm. Experience on Z has shown that even without
magnetic insulation the vacuum side of the polystyrene
can tolerate up to 180 kV/cm without breaking down [5].
Flaring the cathode side of the vacuum MITL at the stack
minimizes cathode fields on the grading-ring tips. The
anode side of each insulator ring is flared to meet the
anode at normal incidence to reduce field enhancements at
the anode triple point (ATP). Electro-static field
calculations for this design show that peak fields are high
but not excessive. For a peak voltage of 7.3 MV, the
plastic stress is 220 kV/cm, and peak cathode fields on the
grading ring tips are less than 220 kV/cm. However, the
peak stress on the anode side of the rings is nearly
350 kV/cm. The peak water stress is less than
230 kV/cm. The peak field at the cathode triple point
(CTP) is -50 kV/cm, and the peak field at the ATP is
-275 kV/cm.

For this aggressive design, and using a single-pinch
load, the inductance of everything inside the stack is
11.3 nH. This inductance is used with Screamer to
predict the stack voltage and electric field as a function of
time, as shown in fig. 3. Also shown are the integral
forms of the JCM vacuum and water breakdown criteria
[6,7], the Thomas H. Martin (THM) water-breakdown
criterion [8], and the magnetic flashover inhibition
criterion (MFI) [9]. The MFI criterion relates the parallel
component of the electric field at the CTP to the magnetic
field, fMF,=El,/(0.07 c B), in mks units. The integral form
of the JCM vacuum-breakdown formula is

[J ]
1/6

~1/lo t

fvacu”ln = — E6 dt .
226 0

(1)

The constant
measurements

226 in the formula reflects recent
taken on the Z accelerator for the

polystyrene insulator [5]. The integral form of the JCM
water breakdown formula is

[1
1/3

A 0.05s f
Avm?r = — J

E3 dt ,
230 ~

whereas the THM water-breakdown criterion is

[J]
t 1/2

fw.fer = 0.01 E2 dt .

0

Units for these equations are kV/cm, cm, and ps.
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Fig. 3. Electric field, magnetic insulation, and water and
vacuum breakdown criteria for an 11.4 nH load design.

As can be seen in fig. 3, the MFI criterion is not quite
satisfied before the vacuum flashover criterion is
exceeded. For a more credible design the insulator height
must be larger, or the CTP’S must be better shielded.

IV. THIWE PULSED-POWER DESIGNS
Three techniques are being considered to provide the

voltage required at the insulator stack. They are a water-
transmission-line impedance transformer, an inductive-
voltage adder in water, and a transit-time isolated water-
transrnission-line adder.

A. Water-line Transformer
The water-line transformer consists of a length of

transmission line with the impedance varying linearly,
exponentially, or in a step-wise manner from one end to
the other. The stepped transformer, as developed by
Corcoran and Douglas [10], provides a more linear
voltage step-up of the input voltage than either the linear
or exponentially-varying transformer. The impedance
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ratio for the transformer is related to the voltage
multiplication factor by

where n is the number of steps, andfis a function of n and
the multiplication factor VOu/Vin.f typically ranges from
1.05 to 1.2, and is larger for small values of n. The length
of each step is the pulse-length divided by two.

A block diagram of a ZX design based on a stepped
transformer is shown in fig. 4. This design uses a 17 nH
load inductance, and a stored Marx-bank energy of 74 MJ.
There are 144 parallel lines, each containing a Marx bank,
intermediate-store water capacitor, a laser-triggered,
6 MV switch, a pulse-forming line with a self-breaking
3 MV switch, and a 11.3 to 1 impedance transformer.
The transformer is 26 m (85 ft) long. The inductance for
this design is based on a 6.1 m (20 ft.) diameter stack that
has a 69 cm (27 in.) height for each level. The stack
voltage is nearly 10 MV, and the peak load current
required for a 120-ns implosion is 50 MA.
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Fig. 4, Block diagram of a ZX design based on a water
transmission-line transformer.

B. Dielectric Cavity Adder
A second design is based on a dielectric cavity adder in

water. A block diagram is shown in fig. 5, and a
conceptual layout in fig 6. It consists of twenty identical
modules. Each module has three Marx banks, which
drive six intermediate-store water capacitors. It also has
six laser-triggered switches feeding twelve pulse-forming
lines, twelve self-breaking gas switches, and twelve
output lines. Four output lines are connected to each
cavity adder. The adder output is a water-filled
transmission line that connects through a convolute to the
vacuum insulator stack. For the full machine there are
60 Marx banks, 120 intermediate stores, 120 laser-
triggered switches, 240 PFL’s, and 60 induction cavities.
Total stored Marx-bank energy is 54 MJ. This design
uses the 11.4 nH load.
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Fig. 5. Block diagram of one of twenty lines of ZX
accelerator based on a water dielectric cavity adder.

Fig. 6. Cut-away view of a cavity-adder design for ZX.
Center tank diameter is 20 m.

C. Transit-Time Water Adder
The third design is based on a voltage adder in the

water section. As shown in fig. 7, it consists of 108 water
lines in parallel that feed 36 adders. Each line is similar
in design and component values to the Z-pulsed-power
design. Each includes a Marx bank, intermediate-store
water capacitor, a laser switch, a pulse forming line with
self-break switches, and a coax to hi-plate transition. Bi-
plates from three identical lines are added to increase the
voltage to 8 MV. Each level of the insulator stack is
driven by nine of these lines. Typical voltages from
circuit code calculations are shown in fig. 8.
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Fig. 7. Block diagram of a ZX design based on a transit-
time isolated water adder. 108 modules are added give
36 output lines, 9 for each level of the stack.
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For driving a two-pinch load a tri-plate transition is
used instead of a hi-plate transition, and the number of
adders is doubled. This configuration is shown in fig. 9,
where the resulting 72 lines drive a four-level stack. The
lines could also be configured to drive two four-level
stacks to reduce inductance. One further advantage with
this configuration is that pinch simultaneity is assured
since each power module is split to drive both loads.

The water adder concept is feasible because of the
relatively short pulse lengths required (C 200 ns) and the
long electrical distances to common grounds (> 100 ns).
In the circuit model adder losses are estimated by
including backwards-directed transmission lines that have
a ten-times higher impedance. We have not yet calculated
radiation losses at the adder, but expect them to be no
worse than those due to free-space impedance lines (42 Q
in water) connected in parallel to the adder. Neither of
these losses are significant in the circuit model.
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Fig. 8. Voltages in the intermediate store, PFL, adder,
and at the stack in the water-adder design.

V. CONCLUSIONS
ZX is a proposed Z-pinch driver to be built to

investigate radiation-symmetry, power-flow, and high-
voltage and high-current pulsed-power issues in
preparation for design of X-1. Prelimina~ requirements
for ZX loads indicate that the machine will need to drive
two 25 to 30 MA Z-pinches in 100 to 120 ns, and have the
capability to drive a single-sided 50 MA pinch. Initial
circuit-code calculations show that it will probably be
necessary to aggressively design the insulator, and to
invoke magnetic insulation to maintain a reasonable
inductance. Three ZX pulse-power designs have been
proposed which meet the machine design requirements.
Each design has its own advantages and disadvantages.
Work is proceeding to evaluate each design against cost,
diagnostic accessibility, machine reliability, and shot-rate
criteria, and to identify potential problems.

Fig. 9. Layout of a water-adder design where each pulsed-
power unit drives two adders. Overall machine diameter is
220 ft. (70 m).
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