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ABSTRACT

Three specific examples of media exposure testing of
pressure sensors with barrier coatings are presented. The
examples are experiments used to simulate specific automotive
and white goods applications. Experimentation was performed
on an apparatus that was developed specifically for the exposure
of these devices with in sirz output voltage measurement in
organic or aqueous environments. The first example illustrates
the swelling of fluorosilicone gels in fuels and establishes a
solubility parameter for one fluorosilicone gel between 6 and 8
(cal/lcm®)'?. While exposure to organic solutions has not been
observed to cause catastophic failure of fluorosilicone gel filled
devices, corrosion is accelerated in subsequent aqueous solution
exposure. The second experiment was used to simulate
automotive exhaust gases and water by exposing devices to a
fuel mixture followed by an acidic solution. The third
experiment was performed to study corrosion under parylene
coatings during exposure to an alkaline test solution. This
process has been modeled as a cathodic delamination
phenomenon. Acceleration factor expressions have been
estimated considering parylene coating thickness, solution pH
and applied device supply voltage as acceleration means. These
expressions have been used to evaluate parylene coated pressure
sensors against a benchmark lifetime requirement: 2000 hours
of exposure in a NaOH/NaHCO, buffer solution at 55 °C with a
pH of 11 and a supply voltage of 5 Vdc applied continuously.
For a 1 % failure rate, parylene coated pressure sensors survived
approximately 500 hours, whereas an alternative, multiple
barrier coating survived over 2000 hours.

INTRODUCTION

Recently, questions about the viability of MEMS devices
in the marketplace have begun to arise [1, 2]. Lack of adequate
infrastructure is considered a major limitation for the future
success of MEMS products [3, 4]. A significant amount of
infrastructure is necessary to develop sensors and actuators into
high volume products, including: manufacturing; design,
fabrication, packaging, testing, reliability and quality
assurance facilities and personnel; marketing and applications;
sales; management; etc. Analogies with the traditional IC
industry can be used as guidelines for developing these
functions; however, the uniqueness of MEMS devices often
requires that these areas be addressed specifically for the device
being produced. For example, this paper will propose a formal
reliability method for characterizing media compatible pressure
sensors. Reliability engineering techniques [S] are adapted to
the media compatibility of pressure sensors by applying a
physics-of-failure reliability approach [6]. This paper will: 1)
provide motivation for addressing this problem, 2) identify the
failure mechanisms observed, 3) show examples of using
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reliability engineering fundamentals to predict lifetime
behavior for specific package types in specific media exposure
experiments, 4) develop acceleration models for an observed
failure mechanism, and 5) compare these results to a customer
requirement.

Silicon pressure sensors have been offered by several
companies since the late 1970s. A significant portion of the
pressure sensor business has been specified for dry, non-
corrosive gas environments or for short-term (24 - 48 hours),
room temperature saline exposure environments for the medical
industry. However, considerable opportunities are available for
low-cost devices that can withstand long-term (i.e., several
years) media compatible applications. To quantify acceptable
long-term media compatibility, a general definition for media
compatibility was formulated that can be applied to specific
applications: the ability of a pressure sensor to perform its
specified electromechanical function over an intended lifetime
in the chemical, electrical, mechanical, and thermal
environments encountered in a customer’s application.

All sensors must provide this capability in at least dry,
non-corrosive gas media. Specific markets that require
additional media compatibility include automotive and/or white
goods. Automotive compatible pressure sensors must survive
fuel (i.e., organic) exposure in a temperature range from -50 to
150 °C for underhood applications. In addition, many are
required to withstand exposure to salt water and/or strong acids
(e.g., NO, or SO, and water), which form electrolytic aqueous
solutions. Failure mechanisms are often different for exposure
to these two classes of solutions.

White goods applications most often require exposure to
aqueous solutions. For example, a washing machine application
requires that the sensor is compatible with an alkaline solution
because of the detergents added to tap water [7, 8]. One current
specification, for a customer who is interested in a water
compatible pressure sensor for another white goods
application, has been used as a benchmark for our development
purposes. The exposure requirements are 2000 hours in a
NaOH/NaHCO, buffered solution [9] with a pH of 11 at 55 °C.

There has been a significant amount of literature,
especially patent literature, defining media compatible pressure
sensor construction (e.g., [10-17]). Structures include backside
exposure, designing the silicon to minimize exposure of the
electronics, creating packages to minimize the exposure at
crucial areas (including silicon-to-substrate bonding
techniques), and the use of barrier coatings. Moreover, several
companies sell media compatible silicon pressure sensors
housed in stainless steel with a silicone oil transfer media and a
stainless steel diaphragm. However, very little data exists for
quantifying the media compatibility of a given device [12-14,
18, 19]. Some of this may be the result of the legality of
publishing such data and some may be the result of the difficulty
associated with performing such an experiment. Yet, analogous

Solid-State Sensors, Actuators, and Microsystems Workshop
Hilton Head Island, South Carolina, June 2-6, 1996



humidity experiments are the standard for quantifying reliability
in IC devices. With this in mind, the goals for this work are: 1)
to develop experimental test procedures for sensor exposure in
these environments; 2) to determine the failure mechanisms
during exposure testing and to model these results; and 3) to
develop a product that has customer applicability.

EXPERIMENTAL

Our initial constraint in this work was to use existing
silicon bulk micromachined, piezoresistive pressure sensors in
the standard Motorola unibody package so that neither existing
fabrication nor assembly manufacturing lines were impacted
severly. Furthermore, low-cost, high-volume differential
pressure sensor devices were required. Low-cost implies no more
than approximately a 15 % adder for media compability, and
high-volume implies the capability of producing hundreds of
thousands of devices each year.

Therefore, to provide media protection, barrier coatings
were investigated initially. Specifically, fluorosilicone gels
and/or parylene coatings have been used to produce these low
cost devices. Several additional coatings were investigated, but
they either did not satisfy the cost or the performance targets.
Fluorosilicone gels and parylene coatings are significantly
different materials, so a brief description of each is necessary.

Silicone gels are one or two part siloxanes that are drop
dispensed and require a curing step [20-22]. Several vendors
provide these materials, each with a slightly different
formulation, and each with a slightly different curing
mechanism. An example are the two-part fluorinated siloxanes
that were used for these experiments. Often, these two-part
materials consist of one part with a base polymer and a catalyst
and a second part with the same base polymer, a multifunctional
moiety, and an inhibitor. When the two parts are mixed and
heated, the base polymer reacts (e.g., vinyl addition
polymerization) with the multifunction species to form a gel-
like network. These materials are deposited in relatively thick
coatings (on the order of millimeters); but because they are
extremely low modulus materials, they have little effect on the
device electrical performance.

Parylene C (poly(monochloro-para-xylylene)) coatings
are deposited in a chemical vapor deposition chamber [23-25].
Dimer starting material is vaporized and then pyrolyzed to
create a monomer gas that is drawn into a vacuum chamber
containing the sensors. Because of the vacuum in the deposition
chamber (approximately 80 mtorr), the material deposits and
polymerizes in a very conformal manner. The nature of the near-
room-temperature deposition process allows for deposition on
fully assembled devices with reasonably repeatable thicknesses.
Thickness control is critical because parylene materials are
much higher modulus materials than silicone gels, and they do
produce a noticeable effect on electrical output. However, the
repeatability of these shifts allows modeling of the effect of
parylene on device parameters [26].

In the present work, experiments are presented to show
the effects of organic solutions on gel coated devices, the effect
of acidic solutions on gel coated devices. and the effect of
alkaline solutions on parylene coated devices.

In the first experiment, various vendor supplied
fluorosilicone gel materials used in coating pressure sensor
packages were exposed to fuel solutions in atest apparatus that
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was designed as an automated organic
chamber (Fig. 1).

solution exposure

Figure 1.  Organic solvent (fuel) media exposure system for
monitoring pressure sensor offset in situ.

The test apparatus allows in situ offset (i.e., zero applied
pressure output voltage) measurements with the ability to
provide a supply voltage to the devices continuously. An
automated mixing and circulating system is used to concoct
various test solutions, often per SAE guidelines [27]. For this
experiment reference fuel C with 5% corrosive water and fuel C
with 20% ethanol and 5% corrosive water were evaluated. The
corrosive water consists of NaCl, Na,SO,, and NaHCO, in DI
water. This apparatus is equipped with an external reservoir for
temperature control from approximately 10 to 90 °C. Most
importantly, considerable safety interlocks were designed into
the system so that ultimately, if needed, the apparatus could shut
itself off unattended. Visual and weight loss measurements were
performed before and after these exposure experiments. In
addition, manufacturing swelling data has been compared with
solubility parameter information on the given solvents to
provide an estimate for the solubility parameter of a
representative gel [28].

In the second experiment, pressure sensors with various
fluorogels as barrier coatings have been evaluated during
exposure to fuel, acid, and combined fuel and acid solutions. The
fuels and acids are known to react with the barrier materials
[29]. Failure mechanisms expected during the evalution
included swelling and dissolution of the polymer, and
subsequent corrosion of any exposed metallization. Various
fluorosilicone materials were evaluted for each test and lifetime
statistics for the various tests computed.

In the final experiment, parylene coated pressure sensors
have been used in alkaline exposure experiments. Corrosion
under barrier coatings has been observed on several occasions
to be the primary failure mode for devices when exposed to
electrolytic aqueous solutions. Corrosion under parylene
coatings in alkaline solutions was assumed to be analagous to
the delamination of paint from metal surfaces and the subsequent
corrosion of the metal (e.g., automobile bodies [30, 31]). The
latter process has been modeled by diffusion of water through
the polymer to the metal surface [31]. By solving Fick’s First
Law of Diffusion, with Ohm’s Law as a boundary condition, a
“delay time”, t, prior to the onset of delamination can be
established [31]:
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where b is the thickness of the coating, D is the diffusion
coefficient of water through the coating, V is the applied
voltage, R  is the resistivity of the coating, F is Faraday’s
constant, and C_ is the concentration of water at the surface of
the coating. Our assumption was that delamination occurs prior
to the onset of corrosion, similar to the model proposed by
Leidheiser et al. (eqn. 1 and [31]); therefore, the corrosion
failure times observed for these devices should be a function of
coating thickness, applied bias, and solution concentration
(egn. 1). Unfortunately, we know very little about the
delamination mechanism for parylene coatings in these
environments, so we are assuming that the corrosion failure
times are proportional to the delay times in the model proposed
by Leidheiser et al. [31]. Therefore, the exposure experiment
was designed to examine these variables by using a design of
experiments technique [32]. Three parylene deposition runs
were performed to create sets of devices with three different
average parylene thicknesses. A modified Nanometrics
Nanospec program was used to measure thickness. All
fabrication, assembly, and surface preparation procedures
remained constant within the existing manufacturing tolerances
to minimize the effects of these variations on this experiment.
Exposure of these devices was performed in individual exposure
compartments (Fig. 2). All of the closed “cells” were placed in
an oven at S5 °C. Continuous applied bias and offset
measurements were performed during the 3022 hours of the
experiment.

9 55°C
£

Convection Oven

Individual Cell

! ® ® @ Multiple Cells/Rack
O-Rings

Figure 2. Individual compartments for exposure of barrier
coated pressure sensors to aqueous solutions. A rack of 64 of
these “cells” is placed into an oven at 55 °C.
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RESULTS AND DISCUSSION

A more general discussion of the observed failure
mechanisms with these type of devices is presented elsewhere
[33]. Uniform, galvanic, and local corrosion; silicon etching;
polymer swelling and/or dissolution; interfacial permeability
(e.g., lead leakage [34] and/or adhesive delamination); and
mechanical failures (i.e., cracking, creep. fatigue, etc.) all have
been observed. In our experiments, polymer swelling and
corrosion are observed and modeled in detail.

The swelling of fluorosilicone gels has been analyzed by
attempting to determine the solubility parameter of a particular
gel. Figure 3 shows a plot of manufacturer published swelling
data plotted against the solubility parameter of the particular
solvent [28]. The solubility parameter is a measure of the
interaction energy between species:

12
agyY'
= ’

Vi

(2)

\ s
where AEI- is the energy of vaporization and V, the molar

volume of the species. Because “like dissolves like”, a peak in
the curve represents the approximate solubility parameter of the
polymer. Therefore, the solubility parameter for this particular

fluorosilicone gel is between 6 and 8 (cal/cm®)®*.
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Figure 3. Swelling as a function of solubility parameter for a

typical silicone gel using material supplier’s swelling data
following 8 days of exposure at 20 °C in various solvents and
solubility parameters from ref. [35].

In Figure 4, the weight loss, assumed to be caused by loss of low
molecular weight species into the solution, is shown for four
fluorosilicone gels. The results show that the weight loss for a
variety of fluorosilicone gels is not consistent. At least two
potential causes for this result can be proposed. First, the extent
of reaction of the gels varies, so certain gels have more low
molecular weight species that will dissolve into the solution.
Second, the solubility parameters of the polymers are different,
resulting in a different degree of dissolution. Obviously, both of
these can contribute to the final result. Regardless, each gel
formulation must be treated as a separate material and



experiments to understand these results more fully are being
prepared. The most significant concern with this variability is
the potential for subsequent corrosion that results from the
exposure, especially if dissolution (i.e., weight loss) is great
enough for metal regions to become exposed (e.g., Fig. 5).
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Figure 4. Weight loss measurements on four different
fluorostlicone gels after 250 hours of exposure to reference fuel
C with 5% corrosive water at 65 °C.
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Figure 5. Photograph of a pressure sensor device after
extended exposure to fuel containing corrosive water [27],
followed by exposure to a strong acid. Evidence of the gel
swelling during the test, and corresponding shrinkage after
removal from the test media can be seen by the gel retracting
away from the sidewall of the package.

The second experiment was performed to address this
concern. Automotive applications require that sensors survive
both organic solutions (e.g., fuels, oils, etc.) and aqueous
solutions (e.g., salt water, NO, + water = HNO,, SO, + water =
H,SO,, etc.). In this experiment, fluorosilicone gel-filled
devices were exposed to fuel ([27] for 250 hrs.) and then to
nitric acid with a pH of 1.8 at 85 °C, which is a standard
specification to simulate under-the-hood operation. Failure
lifetimes were recorded with in situ offset monitoring. For each
group, this lifetime data was assumed to follow a Weibull
cumulative failure distribution:

e 4]

Statistical likelihood analysis of the lifetime data was used to
determine the 6 factors (Table 1). These results can then be used

to compare the performance of devices coated with different
fluorosilicone gels. However, this technique can be plagued

(3)

with the same limitations as traditional corrosion testing (i.e..
the difficulty of simulating the field environment with a
laboratory experiment) unless the environment is extremely
well understood. As a supplier of pressure sensors, we are
attempting to become as adept as possible at understanding
customer applications and failure mechanisms. Assuming the
test environment produces the same failure mechanism with
similar kinetics, these experiments are an invaluable tool to
compare media compatibility schemes and to estimate lifetime
in a customer application provided the specifics of that
application are known.

Table 1. Weibull Distribution Parameters for Fluorosilicone Gel
Coated Pressure Sensors Exposed to Fuel and then to Nitric Acid
(pH 1.8 at 85 °C).

Fluorosilicone | Characteristic Life, 8
Group [hours] R(t=48 hours)
A 291 85%
B 51 39%
(@ 27 16%
D 70 51%
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This is the case in the final experimental example. The
qualification procedure for a media compatible pressure sensor
for a particular white goods customer has been estimated to be
2000 hours of exposure in a NaOH/NaHCO, buffered solution [9]
with a pH of 11 at 55 °C. Therefore, experiments with parylene
coated sensors have been performed to 3022 hours with a
continuous supply voltage and in situ offset monitoring in this
environment. Again, failure distributions are modeled assuming
a Weibull cumulative failure function. If all of the Weibull siope
parameters are assumed to be 3, indicating a “wear-out” failure
mechanism (e.g., corrosion under a coating), the characteristic
lifetimes can be modeled using analysis of variance to develop a
linear expression that takes into account the effects of coating
thickness, applied bias, and solution concentration (Fig. 6a):

O(hrs) = (15000 + 5800)—(400+ 340) 1 , [pum] +
(100+480) V .. [V]- (1400+ 500) C, [ pH] -
(402 16)VZ[V?]+(40% 31)1,- Co[um- pH]+
(50+33)Ve-Co[V-pH] R?=0.846

In addition, these distributions can be used to obtain estimates
of the 1% failure rate (Fig. 6b) or the failure rate at 2000 hours
(Fig. 6¢).

From these experimental results, the current parylene
processing techniques do not produce a device that will satisfy
the requirements of this customer. At a pH of 11 and a5 V
supply voltage, the characteristic lifetime (Fig. 6b) is
approximately 450 hours for a 1% failure rate, which was
assumed to be our constraint. Devices with fluorosilicone gel
encapsulation alone performed similarly to the parylene
encapsulated devices. )

During these experiments, however, additional devices
with a multiple organic barrier coating were observed to survive
3022 hours of exposure without failure. A subsequent
experiment with 37 composite coatings with a “worst-case”
manufacturing process have been exposed for 550 hours to
NaOH/NaHCO, at pH of 12.5, 55 °C, and 15 Vdc without



incident. By using a conservative acceleration factor of 4X from
equation 4 (or Fig. 6), this represents approximately 2200
hours of exposure in this environment. This eséémate assumes
that these devices fail with the same mechanism as the parylene
encapsulated devices used to develop equation 4.

Finally, additional techniques, to be presented elsewhere,
are being developed to obtain a better understanding of why this
combination of materials provides an enhanced barrier coating,
and to determine if it still provides acceptable electrical
performance. It is postulated that reduced amount of corrosive
reactants and/or temperature at the corrosion sites prior to
reaching the steady state may affect the results. In addition,
perhaps the upper coating minimizes delamination of the of the
lower coating, which is required before corrosion can begin.
Further exposure testing is being performed to repeat these
results and to better understand the barrier coating failure
mechanism.
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Figure 6. Failure analysis for = 5 pm parylene C coated

pressure sensors exposed to NaOH/NaHCO,; at 55 °C with
continuous supply voltage. (a) Weibull characteristic life, 6, as
a function of supply voltage and solution pH. (b) Characteristic
lifetime for a failure rate of 1% as a function of supply voltage
and solution pH. (c) Failure rate at 2000 hours as a function of
supply voltage and solution pH.
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CONCLUSIONS

Several experimental test techniques have been developed
for performing simulation of customer media applications.
Separate organic (i.e., fuel, oil,-etc.) and aqueous (i.e., acid,
base, salt water, etc.) systems with continuous supply voltage,
temperature control, in situ offset monitoring, and significant
safety precautions have been developed. Complementary
analytical techniques have been initiated to gain a better
understading of the failure mechanisms. Failure mechanisms,
including: corrosion, silicon etching, polymer
swelling/dissolution, interfacial permeability, and mechanical
failures have been observed with barrier coated silicon bulk
micromachined, piezoresistive pressure sensors. The ultimate
goal of this work is to develop an industry standard analogue to
IC reliability for media compatible pressure sensors.

Three specific examples have been presented to illustrate
the effects of polymer swelling/dissolution of polymer coatings
in organic solutions and corrosion under polymer coatings in
aqueous solutions. The polymer solubility parameter was used to
begin to predict the swelling/dissolution failure mechanism.
The corrosive failure mechanisms were being studied by
analyzing failure distributions to allow comparison of media
compatibility schemes and to benchmark development products
with customer requirements. These environmental exposure
simulation experiments require that the customer environment
and the failure mechanism resulting from that requirement are
very well understood. In the automotive environment, polymer
swelling/dissolution from exposure to organic solutions (e.g.,
fuels) may not result in a catastrophic failure, but the subsequent
acid exposure, used to simulate exhaust gases and water, has
been observed to cause corrosive failures more rapidly than was
observed on devices that have not been exposed to the organic
solution,

It was also demonstrated that corrosion under parylene
coatings in an alkaline environment for white goods
applications is a function of polymer thickness, supply
voltage, and solution concentration, as predicted by solving the
Fickian diffusion problem for this type of system. This
experiment showed that neither parylene nor gel coatings alone
provided a barrier that was sufficient to satisfy all lifetime
requirements. However, if it can be assumed that the same failure
mechanism governs the failure of devices encapsulated with a
multiple organic coating scheme, then the results indicated that
a combination of barrier coatings will satisfy long term
alkaline media exposure requirements.
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