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1. Introduction/Background

Microelectromechanical system (MEMS) exploding foil initiator (EFI) type fuzes are being
explored to improve the performance and satisfy the requirements of MIL-STD-1316E, which
mandates that any electrical fuze initiating an “uninterruptable explosive train” leading to
ignition of the main charge in a warhead requires a voltage in excess of 500 V to fire. In the EFI
an electrical current travels through a wide conductor path until it crosses a narrow neck, a.k.a.
bridge, shown in figure 1, where it vaporizes and starts a chain of events with the flyer material.
A reliable flyer material needs to be robust, able to withstand an impulsive launch, and remain
intact at speeds approaching supersonic velocity. The operational sequence of events leading to
detonation of an insensitive secondary explosive is illustrated in figure 2. EFIs eliminate the use
of a sensitive primary explosive by requiring a voltage of 3000-4000 V for detonation, easily
satisfying the 500 V requirement.

Figure 1. Photograph of a typical EFI (top view).

Flyer
N

Cu bridge Cu bridge Cu bridge

Figure 2. Schematic illustration side view of flyer material operation in an EFI: a) a thin film copper (Cu)
bridge and Parylene flyer material in line with the secondary, awaiting the firing signal; b) upon the
fire command, the Cu bridge vaporizes and the Parylene flyer is sheared off and launched toward
secondary explosive; and c) the flyer impacts the secondary explosive and the subsequent shockwave
initiates detonation.



Parylene can be used as a flyer material and has several distinct advantages over other polymer
materials, Kapton, and polyimide materials, due to its superior step coverage over circuit
topography and inert quality owing to its low outgassing properties. These characteristics
improve the performance, predictability, and stability of the EFI. The thickness requirement for
a flyer material can vary depending on the energy requirements of the initiator, as it must be
robust during launch, but generally speaking, it is near 1 mil (~25 um). We use the term “thick”
film Parylene for this application, because in comparison to other applications in integrated
circuits “thin” films are generally near 1 pm.

Currently, Parylene type “C” can only be chemical vapor deposited over the entire circuit
surface, and selective removal is achieved only by taping the substrate surface prior to deposition
and then peeling it off after the deposition. This method is inherently imprecise, and produces
very uneven cut and dirty surfaces compared to clean room processing practices. An easily
integrated process for patterning Parylene is needed to achieve high reliability and
reproducibility both in production and use.

The Parylenes (poly-p-xylylene and its derivatives) are polymeric films. They are chemical
vapor deposited in a process originally developed by W. F. Gorham (1), in which Parylene dimer
(di(poly-p-xylylene)) is vaporized (~165 °C), pyrolized to the monomer poly-p-xylylene

(~670 °C), and then deposited at room temperature. The mechanism of deposition is given by
Gazicki-Lipman as beginning with condensation of Parylene monomer on and diffusion to the
surface, followed by chain initiation and propagation, in which the monomer molecules form
long polymer chains (2). The activation energy for adding a monomer unit to an existing chain
(propagation) is much lower than for the binding of the first two monomer units (initiation), so
this deposition method tends to produce very high molecular weight polymers. Since
polymerization is preceded by condensation, the Parylenes are highly transparent, conformal,
pinhole-free coatings over large surface areas.

The commercial name for unsubstituted poly-p-xylylene is Parylene N, known for its excellent
dielectric properties. Monochloro-substituted Parylene C, used in this work, contains a single
additional chlorine atom on the benzene ring. Parylene C is thermally stable and chemically
inert, and is often used to passivate sensitive devices against hostile environments. Dichloro-
substituted Parylene D is also available. The chemical structures of the Parylenes are shown in
figure 3.
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Figure 3. Chemical structures for different types of Parylene.

Unfortunately, the beneficial properties of Parylene C also complicate its patterning. Because it
is chemically inert, a selective wet etch for Parylene does not exist. It cannot be patterned using
conventional lift-off techniques, because it deposits very conformally over features. Some
research has been done in the area of laser ablation of Parylene films for microelectrode tips (3),
but this method is not suited for large (i.e., wafer-scale) patterning and would require investment
in or construction of specialized equipment. Oxygen plasma is an attractive method for Parylene
patterning. Oxygen plasma processes are frequently used for photoresist ashing and descum, so
commercial tools to perform this process are already available.

Plasma etching of silicon (using SFg plasma) or silicon dioxide (using CF4 or CHF3 plasmas) can
be accomplished using photoresist as a masking layer since these plasmas selectively etch only
the target material. However, the selectivity between photoresist and Parylene in oxygen plasma
is near unity, so for a thick film of Parylene an alternative masking layer is preferable to prevent
the mask from eroding away before the completion of the etch. Metals are known to have a
negligible etch rate in oxygen plasma and can be very good as a masking material for Parylene
etching. Fine-line patterning of the metal masking can be achieved by plasma etching. We
believe the same fine-line patterns can be transferred into the Parylene using oxygen plasma
etching.

We developed a scheme for patterning the Parylene as shown in figure 4. Parylene is chemical
vapor deposited onto a substrate or existing structures (figure 4a). Next, the masking metal is
evaporated or sputtered onto the Parylene surface (figure 4b). Photoresist is deposited and
patterned (figure 4c) using conventional photolithographic techniques. The photoresist is used as
an etch mask for chemical wet etching of the metal layer (figure 4d), and the Parylene is then
etched in an oxygen plasma with the metal layer as a mask (figure 4e). During this step, the
photoresist is also removed. Finally, the metal masking material is removed using the same wet
etch process as previously, leaving the patterned Parylene structure (figure 4f).
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Figure 4. Process flow for patterning Parylene with a metal mask.

Plasma processes have been shown to work previously with aluminum (4, 5) and silicon oxide
(6, 7). Itis the goal of the present work to extend the research using plasma processes with gold
(Au) and titanium (Ti) masks to evaluate the resolution of pattern transfer in different etch
recipes and to integrate the process with an EFI structure.

2. Experiment/Calculations

Process development was divided into three distinct phases: (1) determination of an etch rate for
Parylene in oxygen plasma, (2) determination of the feasibility of Au and Ti masking materials,
and (3) characterization of the etch quality in different etch recipes. Different samples were
prepared and evaluated for each of the phases.

2.1 Parylene Etch Rate Calculation

In the first phase, etch rate tests were conducted to determine if useful Parylene etch rates can be
achieved using oxygen plasma and to facilitate etch time prediction for subsequent phases. The
lithography patterning method was skipped during this phase, and instead a crude and fast
approach was used to reduce the process steps and time needed to perform the analysis. No
chemicals or alignments were used in this phase of the investigation other than the oxygen
plasma itself. The Parylene films were prepared on 100-mm diameter polished silicon
substrates. A polyimide tape was applied across the substrate followed by the Parylene
deposition. A step height was created in the Parylene after carefully scoring the taped surface
edge with a razor blade and lifting the tape until the underlying silicon substrate was exposed.
About 15% of the total Parylene surface area was removed using the tape method. By putting
down several tapes on one substrate, we were able to determine the amount of etched Parylene at



each etch time interval before all the material was completely removed. Some edge peeling was
unavoidable with the razor blade method, so scan distances were sufficiently long as to avoid the
edge effects.

The wafers were etched in multiple steps using two oxygen plasma recipes detailed in table 1.
The intended plasma recipes were meant to produce both isotropic and anisotropic etch
conditions. In the isotropic condition, the etched Parylene material eroded equally in all
directions forming sloping sidewall cavities. In the anisotropic condition, the etching occurred
faster in one direction and forming straight sidewalls. We used a commercial reactive ion etcher
(RIE) for the anisotropic etching and a parallel plate oxygen plasma ashing system for the
isotropic etching. Etch step times ranged from 5-10 min. After each etch step, the step height
was re-measured at two points. In total, each wafer was etched in at least four steps, with step
height measurements taken at two points after each step. To determine an etch rate, the two step
heights were averaged to give an average step height, and linear least squares regression was
conducted with cumulative etch time as the independent variable and average step height as the
dependent variable. The etch rate was found as the negative of the slope of the linear least
squares regression line.

Table 1. Oxygen plasma etch recipes tested.

Process Parameter Isotropic Etch Anisotropic Etch
Pressure 1000 mtorr 500 mtorr
O, flow rate 500 sccm 50 sccm
Bias voltage 0Vdc -540 V dc

2.2 Metal Masking Feasibility

In this second phase, tests were conducted to determine the survivability of Au or Ti metal
masking materials to chemical processes and oxygen plasma. Mask patterning and alignment
over the EFI structure was completed by the lithography method. The usefulness of the masking
materials were evaluated on top of EFI structures consisting of Cu bridges with an overcoat of
chromium (Cr) on a quartz substrate. These structures were coated with Parylene C by a
contractor and later followed by either Ti (sputtered) or Au (e-beam evaporated) masking.
Photoresist was spun onto the wafers, and exposed and developed in the positive mode using
simple mask patterns (~2 mm diameter) dots. The Au metal mask was etched in an aqueous
potassium iodide-iodine etching solution. Ti was etched in commercially available buffered
oxide etch (BOE) solution. The Parylene on the test wafers was etched to completion using both
isotropic and anisotropic oxygen plasma recipes as outlined in table 1. The voltage conditions
were equivalent, but the oxygen pressure and flow varied intentionally to create the isotropic and
anisotropic etch effects. The metal mask, after it is no longer needed, can be removed using the
same aqueous etch chemicals as before. The processes were evaluated by optical and scanning
electron microscopy (SEM).



2.3 Etch Characterization

In the third phase, characterization tests were designed to rigorously qualify the isotropic and
anisotropic oxygen plasma etching, the extent of mask undercutting, and the achievability of a
minimum feature size of the Parylene material. Based on the previous feasibility tests and poor
reliability of the Ti mask, only the Au masking was investigated in this phase of the project.
During this phase, Parylene was deposited on only plain polished 75-mm diameter silicon
wafers. The Au film mask layer was intentionally selected to be thin and yet sufficient to cover
up the roughness features of the underlying Parylene surface and not have open holes. The
strategy here was also intended to reduce the etch time needed to remove the metal mask after
completion of the Parylene etch. If the metal mask was made too thick, a longer etch time was
needed that could possibly affect the other surrounding structure integrity. Photoresist was spun
onto a wafer in the positive mode with patterns containing several features of interest ranging
from 5-200 pum in size according to figure 5. The Au metal mask was etched in an aqueous
potassium iodide-iodine etching solution. The Parylene was etched to completion. The wafers
were then diced by hand into smaller pieces and examined with a SEM. The Au masking was
intentionally kept intact to characterize the etched surfaces and determine the amount of etch
undercutting.

Figure 5. Optical microscope images of metal mask patterns on silicon substrate: (a) crosses, (b) squares and
dots, and (c) lines.



3. Results and Discussion

3.1 Parylene Etch Rate Calculation

Plots of average step height versus time for the two etch recipes are shown in figure 6. A linear
etch rate was predicted for Parylene etching in oxygen plasma. The data seemed to agree with
this analysis, with linear regression producing values of R? = 0.9859 and R? = 0.9982 for the
isotropic and anisotropic etch recipes, respectively. The etch rates were comparable, with a rate
of 232 nm/min for the isotropic etch recipe and 245 nm/min for the anisotropic etch recipe.
These values are similar to those obtained elsewhere (8, 9) using similar recipes. It was noted
during etch rate testing that the Parylene tended to etch faster on the edges than in the center.
This was most obvious near the end of the etch, as the edges of the Parylene surface would begin
to recede shortly before etch completion. Consequently, the etch rates obtained were slightly on
the low side. In practice, this error was easily corrected by adding about 5 min to the calculated
etch time.
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Figure 6. Plots of average Parylene step height versus time for (a) isotropic and (b) anisotropic etch recipe.
Note the generally linear trend.

3.2 Metal Masking Material Feasibility
3.2.1 Ti Masking

Ti was rejected as a suitable masking material based on the initial feasibility tests conducted over
sample EFI structures. A BOE solution was able to etch and pattern the Ti mask with no
noticeable scarring or peeling of the Parylene, as shown in figure 7. However, during the second
metal removal step (described in figure 4(e)), the BOE had a strong tendency to also peel up the
unetched Parylene film along with the Ti. In the dot shaped mask test, some amount of peeling
occurred along the edge of a Cu bridge, as in figure 8(a), and over 50% of the Parylene dots were



completely removed, as in figure 8(b). A second test, performed with an array of larger (~1 cm)
Parylene square features, confirmed the problem. Although none of the square masks
completely peeled off, they all exhibited some peeling on the edges of the Cu bridge structure.
Such peeling undermines the effectiveness of the Parylene coating as a flyer material for EFI
application.

Figure 7. Scanning electron micrograph showing the edge of a
Ti mask and underlying Parylene film after
anisotropic oxygen plasma etch. Note good pattern
transfer as well as good Parylene step coverage over
the Cu bridge structure. Stringy clumps in the lower
right are as yet unidentified etch residues, possibly
related to etch chamber contamination.

Parylene
missing

Figure 8. Optical microscope images showing complications after the process of removing the Ti mask. In
(a), the dot patterned Parylene film shows striations and discoloration along the edge of a metal Cu
bridge that are indicative of peeling, while in (b), the Parylene dot film has been completely removed.

3.2.2 Au Masking

Au etchant showed good compatibility with the mask. No peeling or scarring of the Parylene
surface occurred when the Au was removed after the oxygen plasma etch. Based on these
results, Au was chosen as the masking material for further investigation leading into the
characterization phase.



Mask patterns with cross features were used to generalize the etch characteristics of both the
isotropic and the anisotropic etch recipes. We paid attention to a particular set of mask
dimensions noted in figure 9 for determining the minimum etch limits for the isotropic etch
recipe.

(@ (b)

90 um—p!

Figure 9. Dimensions of the mask cross patterns prior to etching. The upper cross (a) is slightly larger than the
lower cross (b).

As can be seen from an overall mask perspective in figure 10(a) and the close-ups of the
respective regions, all the patterns transferred successfully for the isotropic and anisotropic etch
recipes. The isotropic etch recipe in figure 10(c) clearly produced more undercutting than the
anisotropic recipe in figure 10(b). The Au mask introduced ripples around the edges where the
undercutting occurred. The limitations of isotropic etching became more apparent with the
smaller features. As a consequence, some smaller features failed to transfer due to total
undercutting failure (figure 10e). Based on comparative observations between figure 9 and
figure 10(e), we roughly estimated that the minimum feature achieved was 50 um using the
isotropic etch recipe for this thick film Parylene. The feature with the minimum size of 40 um
was not standing after completion of the isotropic etch.



Anisotropic Etch
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Figure 10. Micrographs illustrating varying degrees of etch undercutting below the Au mask: (a) optical microscope
image showing the Au mask patterns prior to Parylene etching, (b) SEM corner of large cross pattern
transfer after anisotropic etch, (c) the same corner after isotropic etch (note greater undercutting), (d) SEM
of two smaller crosses after anisotropic etch, and €) the same crosses after isotropic etch (the smaller cross
has been completely undercut).

Another interesting observation we made regarding the isotropic etching was occasional cracking
of the Parylene film. In the dot and square mask pattern, about 40 min into the isotropic etch,
cracking of the Parylene layer was observed, as in figure 11. The cracks broke through the thin
Au mask layer in many areas, and by the time most of the Parylene was removed, much of the
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Au mask was flaking off and the sample was deemed unsuitable for SEM. While this
phenomenon may require more investigation, initial assessment is that it was a result of a
combination of heating effects and undercutting caused by over-etching. Parylene has been
observed to crack under thermal stress (10), and significant undercutting was observed in the
previous characterization test. Parylene etch rates in oxygen plasmas have been noted to be
much less inside trenches and between dense features. This was confirmed here, as the edges
etched relatively quickly, while the Parylene in the center of the wafer took much longer to etch.
Most of the Au mask damage occurred during this extended period of over-etching needed to
compensate for the differences, so the isotropic etch seems to be limited to patterning relatively
large, low dense features.

Figure 11. Cracking of Parylene film from the isotropic
etch recipe. Multiple cracking is evident in
the partially etched Parylene film as well as
through the Au masking layer.

3.3 Etch Characterization

The initial assessment of the anisotropic etch recipe was that a wide variety of mask shapes can
be transferred accurately on the order of 1 um scale without damaging the Parylene, as shown in
figure 12. A wide range of mask dimension for the square and dot patterns were still standing
except for the ones approaching 1 um. The final etched features were smaller in width compared
to the mask dimensions. An example of this is shown in figure 13(a), where a set of 10-um-wide
line patterns appear to be standing but the width of the Parylene material is less than the mask
standing above it. However, the next smaller set of 5-um-wide line patterns in figure 13(b)
appear collapsed. The effects of undercutting became pronounced with decreasing mask
dimensions. The minimum achievable etch feature size for the anisotropic etch recipe was
estimated to be approximately 10 um, near the same order of magnitude as the thick film
Parylene.
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Figure 12. Scanning electron micrograph overview of anisotropic
etched features 200, 150, 100, 60, 40, 20, 10, and 5 um
(from top to bottom).

1.8 k¥ »x1.080K 3

Figure 13. Scanning electron micrographs depicting the approximate minimum feature size of line patterns
after anisotropic etch: (a) 1000 times magnification of 10-um-wide lines and (b) 600 times
magnification of 5-um-wide lines.

3.4 Outstanding Issues

While oxygen plasma is generally thought to etch polymers primarily, during the feasibility tests
it noticeably attacked a Cr protective top layer of the EFI structure in both etch recipes, in some
cases exposing the bulk Cu layer. This is a concern for compatibility with the existing process,
but was still under investigation at the time of this report. Metal etching in oxygen plasmas has
been documented elsewhere (11), but not with Cr and not at the rates that would be required to
remove the Cr layer. It is possible that the outdated nature of the wafers received from a
contracted facility during the feasibility tests introduced unknown variables into the process.
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Another as yet unexplained issue is the presence of small, stringy clumps of material on the
etched surface of all samples in figure 7 etched using the anisotropic etch recipe. The occurrence
of surface roughness and “grass” has been documented previously after oxygen plasma RIE of
Parylene (12), but these observations were made on incompletely etched Parylene, and the
resolution of the SEM images provided in that publication does not permit detailed comparison.
It was postulated by Majid that the surface roughness was due to preferential etching in areas
where the polymer is weak, but if that were the case one would not expect to see this
phenomenon when doing complete Parylene removal. Additional oxygen plasma treatment of
surfaces covered with the clumps had no noticeable effect. Cleaning with organic solvents and
BOE was also attempted, again with no effect. It was also speculated that the clumps were due
to etch chamber contamination.

4. Summary and Conclusions

A method for patterning thick film Parylene has been investigated. The etch rates and degree of
anisotropy have been assessed for two different oxygen plasma etch recipes, and approximate
minimum feature sizes have been obtained for each recipe. Preliminary compatibility studies
have been conducted to determine the compatibility of an Au masking layer with EFI structures.
Remaining obstacles to the integration of oxygen plasma Parylene removal into the existing
process flow for the EFI structure have been identified, and potential next steps have been
suggested. Based on these results Au masking and oxygen plasma shows great promise as an
option for selective Parylene patterning for flyer material application.
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List of Symbols, Abbreviations, and Acronyms

Au

Cr

Cu

EFI
BOE
MEMS
RIE
SEM
Ti

gold

chromium

copper

exploding foil initiator

buffered oxide etch
microelectromechanical systems
reactive ion etcher

scanning electron microscopy

titanium
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