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Abstract

A new generation of irreversible, chemically reacting getters specifically targeted toward
assuring the integrity of the local environment within microsystem packages were developed and
evaluated. These reactive getters incorporate volatile species into a polymer through covalent
bonds, thus producing a non-volatile product. These reactive getters will be combined with
getters that rely on absorption media (e.g. zeolites and high surface area carbon fibers) to
scavenge non-reactive species, like solvents. Our getter systems will rely on device packaging to
limit exchange between the microsystem and the global environment. Thus, the internal getters
need only provide local environmental control within the microsystem package. A series of
experiments were conducted to determine uptake rates and capacities absorption and reactive-
based getters. Diffusion rates through the binder used to hold the getter particles together were
also investigated. Getters were evaluated in environments with a saturated headspace and with a
limited amount of the volatile species of interest.

One- and two-dimensional numerical models and analysis techniques have been developed and
used to predict the transport of contaminant species within a representative microsystem package
consisting of an open gas-filled volume adjacent to a polymer layer containing embedded
particles of getter. The two-dimensional model features explicit representation of the individual
getter particles while the one-dimensional treatment assumes a homogeneous distribution of
getter material within the getter/polymer layer. Example calculations illustrate the dependence of
getter performance on reaction rates, polymer diffusivity, and getter particle volume fraction. In
addition, the model is used to deduce surface reaction rates, solid phase diffusivities, and
maximum-loading densities by least-squares fitting of model predictions to measured histories of
gas-phase contaminant concentration and getter weight gain.
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1. Introduction

Microsystems are currently being evaluated as possible replacements for a number of weapon
subsystems with the expectation of improved surety combined with reduced weight and volume.
However, there is great concern that long periods of dormant storage1 may impair the mechanical
functioning of microdevices that are exposed to water, out gassing products (organics, solvents
and silicones) and particulates (talc and dust). Low temperature operating environments and
small moving parts in contact with stationary and mating structures, make capillary
condensation, ice formation and corrosion true concerns for microsystems.

Contaminants are present from a variety of sources. Some contaminants are present from when
the microsystem is first produced and others are introduced over time. Examples of contaminants
initially present are cleaning solvents, particles, water and anything else present in the
atmosphere of the microsystem at the time it is sealed. Additional water can diffuse out of
packaging materials over time. Degradation of organic materials within the microsystem by a
variety of aging mechanisms can also contribute contaminants. Finally, diffusion of species
through packaging, joints and o-rings can be responsible for introduction of significant
contaminants over time.

Water is not only a concern from a corrosion standpoint but can also cause mechanical
components to become immobilized due to capillary condensation and freezing. Small particles
(talc) are known to cause problems for micro electrical mechanical (MEM’s) devices and steps
are taken to minimize their presence. Even in the ideal case that no contaminants were present at
the time of manufacture, diffusion, corrosion and aging can all lead to contamination. Getters
tailored toward removing specific contaminants expected in a given microsystem can provide a
great deal of protection. Absorbing these contaminants in a safe location with the microsystem is
one approach to minimizing the effect that contaminants will have on the function of a MEM’s
device.

Past weapons experience provides little guidance, and the desiccants currently used to manage
system-wide moisture levels cannot be relied on to provide the more stringent control needed to
assure microsystem reliability. Existing getters generally rely on van der Waals attractive forces
to reduce the availability of volatile species. While the equilibrium may be shifted toward the
bound product, the dissociation is still accessible at room temperature. This is evidenced by the
redistribution of absorbed water in a sieve-type desiccant bed over time. However, a more robust
covalent attachment would effectively eliminate dissociation at lower temperatures. Our
approach has been to make use of these covalent attachments by chemically reacting volatile
species out of the local atmosphere of microsystems.

We have evaluated, through experiments and subsequent modeling analysis, the performance of
several reactive and non-reactive getters to chemical species of interest. The experimental
procedures and results are discussed first, followed by the mathematical descriptions of the
gettering process where they are used to analyze the available experimental data, and make some
estimates of getter performance in microsystem packages.
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2. Experimental Materials and Methods

2.1 Chemicals and Materials

Isocyanate, polymer bound, poly(maleic anhydride-alt-1-octadecane), poly(ethylene-alt-maleic
anhydride), hexamethyl disiloxane (HMDS), perfluorohexane (PFH), ethylbenzene (EB) and
1,1,1-trichloroethane (TCE) and 4-dimethylaminopyridine (DMAP) were obtained from Aldrich
Chemical Co.. Each was placed on a vacuum line and dried for at least 24 hours before use.
Ethanol (100%), iso-propanol, and potassium bromide were obtained from Aldrich and used as
received. Deionized (18 Mega Ohm) water was produced in house using a Barnstead
“NANOpure” ultra water system . ScavengePore Resin fibers were provided by Rapp Polymere.
Ricon 130 was obtained from Sartomer. Ricon was prepared by vacuum stripping to remove any
volatile components and mixed with anti-oxidant preservatives. Supelco supplied several
different SPME fiber getter materials

2.2 Absorption-based Getter Studies

A glass vial fitted with a Teflon Mininert sampling valve served as the sample container. The
container and valve assembly have a total volume of 39.2 ml. The sample mixture was prepared
by first evacuating the container and then introducing the appropriate amounts of the liquid
model compounds to obtain equimolar concentrations of each species. The liquid samples readily
volatilized as the pressure in the system was below the saturation limit. The sample vials were
then back filled with nitrogen to atmospheric pressure.

An SPME fiber was placed into the container containing the compounds where it was allowed to
absorb the vapor phase mixture for 2 min at room temperature. The loaded fiber was then placed
into the heated injector of an HP 5890 Gas Chromatograph where the chemicals were allowed to
desorb for two minutes. The mixture was then separated on an HP-5SMS capillary column. The
column was kept at 45°C for two minutes then ramped at 10°C/min to 150°C. The carrier gas
was hydrogen at 6 psi head pressure and the detector was a flame ionization detector (FID).

While the injector temperature was nominally at 150°C for much of the desorption analysis,
additional fibers were also evaluated at injector temperatures ranging from 75°C to 250°C in
order to estimate the retention of the compounds at these temperatures.

2.3 Reaction-based Getter Studies

The method selected for determining the maximum gettering capacity of isocyanates and
anhydride polymers involved recording weight changes of the getter material upon reaction with
an excess of reactive species (water, ethanol and iso-propanol). Experiments were performed in a
Teflon sealed reaction chamber containing a known amount of polymeric getter and a large
excess of water, ethanol, or iso-propanol. Typically, reaction/exposure times were on the order of
days and up to a month. Weight change data was collected periodically. At the end of each
experiment, the getter material was vacuum dried, the final weight changes were recorded and
the getter materials were examined by infrared (IR) spectroscopy (BIORAD, model FTS-40). IR
spectroscopy proved to be an ideal method for evaluating functional group changes that occurred
in the getter materials upon reaction with water, ethanol and iso-propanol.



2.4 Binder Diffusion Studies

Ricon was prepared by vacuum stripping to remove any volatile components and mixed with
anti-oxidant preservatives. The tacky polymer was used as the binder to help minimize the
generation of particles, as well as, scavenge particles generated from other sources in the local
environment of the microsystem.

Thick films of Ricon 130 (Imm, 5mm and 10mm) were placed in sealed chambers with a
saturated gas headspace of either water or ethanol. The films were weighed periodically to
determine the rate of water and ethanol absorption in the binder material. The containers used for
the thick films were round straight walled aluminum containers with an internal diameter of 49.6
mm resulted in an exposed surface area of 19.32 cm” for the Ricon 130.

2.5 Getter Reactivity and Capacity in Saturated Environments

The procedure for determining the capacity of the isocyanate and anhydride polymer getters
involved weighing several samples of identical weights (approx. 100-500 mg) of a getter into
glass vials. The open vials were then placed into a Teflon sealed glass chamber which contained
a large excess of either deionized water, ethanol, or iso-propanol. In some experiments, between
10-33 weight percent of a catalyst (e.g. Nafion®) was added to some getter samples for testing.
Samples were allowed to react over a period of days to months in the sealed environments.
Periodically, samples were removed from the chamber, weighed, and vacuum dried until a final,
constant weight was obtained. Reactivity was also monitored by infrared spectroscopy
(BIORAD, model FTS-40) of reacted getter samples (KBr pellets).

2.6 Getter Reactivity in Unsaturated Environments — Gas Phase IR
Studies

While the results described in the previous section are observed when the gas phase
concentrations are near saturation a more realistic evaluation of getter reactivity in microsystems
can be performed using only limited quantities (ppm) of analyte. Here, a Fourier Transform
Infrared Spectrometer (FTIR) (BIORAD, model FTS-40) was used to monitor analyte
concentration changes in the vapor phase as either water or ethanol are removed by the getter in
a closed experimental cell. Stainless steel gas IR cells with sapphire windows in Conflat flanges
were used. The cells are 14.4 cm long with a 3.5 cm inner diameter. The getter material, typically
placed into the cell on aluminum foil, was exposed to ethanol, ethanol-dg, or D,O in one of two
ways.

In the first method, the cell is filled with air containing a known amount of solvent in the gas
phase. The gas phase solvent concentration was controlled by flowing dry air through a dyna-
calibrator (model 190) obtained from VICI Metronics containing a permeation tube (also from
VICI Metronics) filled with the analyte of interest. The permeation tube has a known permeation
rate of solvent at a given temperature. Changing the rate of airflow to the cell controls the
concentration. In the second method, a series of 10 pl drops of the solvent were added to the cell
using a syringe. The liquid solvent remained separated from the getter sample and evaporated
into the cell at room temperature. The first method of introducing analytes lets us examine the
getters ability to remove a limited amount of analyte and measure the lower bounds of its ability
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to remove the analyte. The second method lets us examine the getters performance when
exposed to a substantial percentage (10-20% per drop) of the getters capacity.

Four different getters were evaluated. The first two, poly (ethylene-alt-maleic anhydride)
(PEMA) from Aldrich and 5 A molecular sieves (W. A. Hammond Drierite Co.), were mixed in
a polybutadiene binding matrix (either Ricon 130 or Ricon 156) by hand in a 1:1 ratio. The
second two getters were commercially available: Staydry Hicap2000 and Staydry GA2000, both
from Cookson Electronics.

The IR spectrometer was run in absorbance mode with a resolution of 4 wave numbers against a
reference cell containing air. Peak heights were used to quantify the amount of a species present
within the IR cell. All measurements were made at room temperature unless otherwise noted.
D,0 and ethanol-de are used in most of these experiments to eliminate background interferences
from humidity and other contaminates.

11
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3. Experimental Results and Discussion

With the expectation that microsystems would ultimately be used inside a weapon, we chose the
W80, currently undergoing a Life Extension Program (LEP) as a model environment that a
microsystem might experience. Thornberg and Borek have reported gas analysis of the internal
environment of the W80 warhead.” Of the unreactive volatile species observed by Thornberg and
Borek, we were able to group the major constituents into 4 groups (silicones, perfluoroalkanes,
hydrocarbons and hydrochlorocarbons) and chose model compounds to represent these groups.
The model compounds are hexamethyl disiloxane (HMDS), perfluorohexane (PFH),
ethylbenzene (EB) and 1,1,1-trichloroethane (TCE). Both gas and liquid cocktails of these
compounds were prepared and monitored as a function of time to ensure the integrity of the data.

3.1 Absorption-based Getter Results

Absorption based getters for non-reactive volatiles were evaluated by solid phase micro-
extraction (SPME). The SPME fiber consists of a small glass rod coated with getter material and
mounted onto a holder to aid the sampling procedures. Supelco supplies several different SPME
fiber getter materials for use with a broad range of chemical species. For this work, we used two
types, a PDMS (polydimethylsiloxane) fiber and a Carboxen/PDMS fiber. Carboxen is a high
surface area carbon that is imbedded in a PDMS matrix on the glass fiber. The SPME fiber is
exposed to a particular environment, followed by thermal desorption onto a GC column for
analysis. The carbons on these fibers are available in bulk and have been designed to have
selective affinities for particular classes of compounds.

Initially an equimolar mixture of the four analytes was characterized by taking a 200 ul gas
sample of the headspace above the liquid in the container and introducing it directly into the GC.
From this experiment we were able to identify the peaks and establish a reference by which we
could evaluate the SPME fibers for this set of model compounds. The results in Figure 1 (top)
shows the response expected for each analyte based on its population in the sample mixture. The
chromatogram shown in the bottom of Figure 1 demonstrates the effectiveness of the
Carboxen/PDMS fiber to absorb the individual analytes. In this Carboxen/PDMS experiment the
fiber was exposed to the analyte mixture for two minutes at room temperature then desorbed in
the GC injector at 150°C for two minutes. From these results it is clear that the Carboxen/PDMS
fiber has the greatest affinity for ethyl benzene. A second desorption at 150°C of this same fiber
yielded no additional evolution of the analytes, however when the desorption temperature was
raised to 250°C an additional 10% of the ethyl benzene was liberated. This would indicate a
reasonable affinity for ethyl benzene even at 150°C. There also appears to be little or no affinity
for the perfluorohexane.
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Figure 1. GC Analysis of the four analyte mix resulting from injection of a gas sample of the
headspace (top) and desorption of a Carboxen/PDMS coated SPME fiber (bottom).

Figure 2 shows the ethylbenzene thermal desorption results of exposure of two different SPME
fibers to an equal molar mixture of the four model compounds. One fiber was a Carboxen/PDMS
and the other was only PDMS. In this experiment, the fiber was loaded by exposure to the
sample mixture headspace for two minutes at room temperature. Then the loaded fiber was
desorbed in the injector for two minutes at 75°C then removed. The fiber was stored at room
temperature during the analysis of the desorption products. Then the injector temperature was
increased to 100°C and the fiber was reintroduced into the injector for two minutes and removed
for the analysis of the desorption species. This was repeated at 150°C, 200°C, and 250°C.
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Figure 2. Thermal desorption profile of ethylbenzene on carbon/PDMS-DVB and PDMS-DVB.

Perfluorohexane was not observed from either fiber over the temperature range examined, 75-
250°C. Hexamethyl disiloxane, 1,1,1-trichloroethane and ethylbenzene were observed upon
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desorption from both fibers at 75°C with a much greater capacity for ethylbenzene. However, the
carbon-loaded fiber showed continued desorption of ethylbenzene as the injection port
temperature was raised, indicating a higher affinity or thermal stability for the carbon-
ethylbenzene association. The temperatures required to desorb the ethylbenzene is a positive sign
that this carbon, and possibly others, will hold on to hydrocarbons fairly well as part of a getter
system.

3.2 Reaction-based Getter Results

For the two reactive volatile species, i.e. water and ethanol, we evaluated uptake with two
different experimental set-ups. The first has the getter material in an open vial that is inside a
larger closed vessel containing liquid ethanol or water and therefore a saturated vapor in the
atmosphere. This method allows us to have several vials of materials and mixtures of materials in
the same atmosphere at the same time for simultaneous evaluation, thus saving a significant
amount of time and allowing for more reliable comparisons between materials. The uptake is
monitored by mass of each vial as a function of time.

The second set-up involves liquid phase reactions with the getter material in direct contact with
the alcohol or combination of alcohol and solvent. This method has a semi-infinite amount of the
alcohol that should dramatically help the kinetics. It also allows us to take samples of the liquid
for analysis on an NMR to monitor the progress with time.

Two reactions have been probed using the first experimental set-up (vapor phase). First, the acid
catalyzed reaction of epoxides with water and alcohols to produce a hydroxy alkoxide and a
dihydroxide, respectively.’ The epoxide we used is tris (2,3-epoxypropyl) isocyanurate (TEPI), a
non-volatile solid with a mass of 99 g/mole per epoxide functional group. The solid acid catalyst
we chose was Nafion, a porous nanocomposite of 10-20% fluorosulfonic acid polymer on
amorphous silica. Finally, the Nafion catalyst and the TEPI were mixed into a viscous oil of
polybutadiene (PB), Ricon-130 or Ricon-150. The tacky polymer was used as the binder to help
minimize the generation of particles, as well as, scavenge particles generated from other sources
in the local environment of the microsystem. The results of exposing this combination and each
of the individual components to ethanol vapor are shown in Figure 3.

A + i
AN H™ cat.
/C C\ + H,0 (or ROH) —— —(|j—(|j—~w
OH(R)
H cat.
H OH

Figure 3. Reaction chemistries for the acid catalysis of water and alcohols reacting with epoxides
and olefins.

The second reaction, also shown in Figure 3, is the acid catalyzed addition of ethanol across an
olefin. The acid chosen is the same as above, Nafion. The olefin selected, polynorbornene, is a
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non-volatile solid and contains a highly alkyl-substituted and strained ring olefin. The final
product is expected to have less ring strain, thus providing driving force for the reaction and
making the reverse reaction less likely.

The graph in Figure 4 shows an increase in mass for most of the vials (except for the epoxide and
each of the polybutadienes) with time. Each of the materials appears to reach an equilibrium
where the curves level out. After approximately 1100 hours, the vials were evacuated to remove
adsorbed ethanol. Any remaining mass above the starting mass should be due to reacted ethanol.
After evacuation, one vial had less mass and three vials had more mass than when they started.
The vial with less mass may have had surface adsorbed water initially, that was removed under
vacuum. Three materials, polynorbornene, polybutadiene/Nafion/polynorbornene and
polybutadiene/Nafion/tris(2,3-epoxypropyl) isocyanurate, showed an increase in mass of 2-3
percent. Due to the loading fraction of the epoxide or olefin in the mixtures above, complete
reaction would result in an increase of 7 and 14 percent, respectively.

35 r T T T
30 - _ . : TEPI
o5 | oo %o : .
; g E - Nafion
L ° e 3
g ‘ = ®  Polynorbornene
g — & PB (R-150)/Nafion/polynorbornene
.‘  mmOM noQ = PB (R-130)/Nafion/TEPI
. - - o e 4 Polybutadiene (R-130)
oo h Ky oy iy 3 v Polybutadiene (R-150)
L1 Lo b o by by v b ead
0 200 400 600 800 1000 1200 1400
time (hr)

Figure 4. Mass change with time upon exposure to ethanol vapor.

Since the vapor phase tests outlined above are only indicative of mass changes, we also looked at
these reactions in the liquid phase where we could monitor the reactions by NMR. 'H NMR
(Varian Gemini, 300 MHz) experiments examining the irreversible reaction of TEPI with iso-
propanol and ethanol in the presence of Nafion acidic resin were examined. No evidence of ring
opening of the epoxide by ethanol or iso-propanol has been found. It was later pointed out that
the Nafion used in this experiment was most likely in a hydrated state (as an oxonium salt). The
oxonium salts are known to be much less acidic than the hydrate-free sulfonic acid and could
account for the poor reactivity observed. Recently, lanthanide ion exchange resins have been
reported to catalyze ring opening of epoxides in quantitative yield.4 A terbium ion exchange
resin was prepared from Amberlyst 15, a sulfonic acid catalyst, as an alternative to the Nafion
catalyst used in our initial studies. NMR experiments revealed complete reaction of TEPI with
ethanol in the presence of the Yb ion exchange resin when the reaction was conducted in
refluxing EtOH. Due to successes with other reaction chemistries, this approach was not
explored further.

16



Additional chemistries were examined to irreversibly react with water and alcohols. The method
selected for determining the maximum gettering capacity of isocyanates and anhydride polymers
involved recording weight changes of the getter material upon reaction with an excess of reactive
species (water, ethanol and iso-propanol). Experiments were performed in a Teflon sealed
reaction chamber containing a known amount of polymeric getter and a large excess of water,
ethanol, or iso-propanol. Typically, reaction/exposure times were on the order of days and up to
a month. Weight change data was collected periodically. At the end of each experiment, the
getter material was vacuum dried, the final weight changes were recorded and the getter
materials were examined by infrared (IR) spectroscopy. IR spectroscopy proved to be an ideal
method for evaluating functional group changes that occurred in the getter materials upon
reaction with water, ethanol and iso-propanol.

One of the getter materials evaluated was a commercially available isocyanate polymer,
Isocyanate, polymer bound (ICPB) (Aldrich), 1. The polymer, as received, consisted of ca. 2
mmol isocyanate per gram of material. The theoretical percent weight change for this getter was
determined to be -5.2, 9.2 and 12.0%, for water, ethanol and iso-propanol, respectively. For the
reaction between isocyanate and water, weight loss occurs due to CO, emission during the
course of the reaction (Figure 5). Treatment of this isocyanate polymer with the reactive species
for one week as described above yielded experimental capacity values of —1.9, 2.7, and 2.7% for
water, ethanol, and iso-propanol, respectively. It was postulated that the low capacity values and
reactivity observed could be improved by addition of an amine catalyst. Accordingly, we
performed analogous gettering experiments incorporating a 66/33 weight percent mixture of
isocyanate polymer to ScavangePore phenethyl piperidine catalyst (Rapp Polymere). Even after
two weeks of reaction, capacity values of —1.3, 2.0, and 5.5% for water, ethanol, and iso-
propanol, respectively, were obtained. These results indicate that addition of this amine catalyst
has little effect on enhancing the isocyanate’s gettering ability.

Isocyanate Reaction

R'OH
{ Al { , € )
S /e < 7, o X 2
Ures R'=H, C;Hs, or C3H, HN—“—'DF:lI NH,
O + C02
1 R' = C,Hg, or C3Hy R=H

Anhydride Reaction

ROH
ﬁ—gCH CH - —_— 4 CH,CH -
0O O ZH " H':H,Csz.Or CaH'f ‘\J\ )\ 29R "

0~ OHO™ “OR

2R =CygHas
3R=H

Figure 5. Reaction chemistries for gettering water and alcohols with isocyanates and anhydrides.

A second approach to covalently removing water and alcohols from local environments involved
reacting these species with polymeric anhydrides. Anhydrides are well known to cleave or ring
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open (for cyclic anhydrides) in the presence of water, alcohols, and amines. Reaction of cyclic
anhydrides with water yields a dicarboxylic acid, while reaction with alcohols produces both an
ester and carboxylic acid functional group (Figure 5). Two commercial maleic anhydride
polymers, poly (maleic anhydride-alt-1-octadecane) (PMA) 2 and poly (ethylene-alt-maleic
anhydride) (PEMA) 3 (Aldrich) were examined as getter materials. The primary difference
between the two materials is that poly (maleic anhydride-alt-1-octadecane) 2 contains a long
hydrophobic chain off of the polymer backbone while poly (ethylene-alt-maleic anhydride) 3
simply contains a hydrogen group at that position.

Similar gettering experiments were conducted for the anhydride polymers as described
previously. For poly (maleic anhydride-alt-1-octadecane) 2, the theoretical percent weight
change was calculated to be 5.1, 13.1, and 17.1% for water, ethanol, and iso-propanol,
respectively. The experimental values obtained for gettering of an excess amount of reactive
species, weight change values of 0, 9.5, and 1.4% were obtained for water, ethanol, and iso-
propanol, respectively. In an attempt to enhance the gettering reaction, experiments were
performed using 4-dimethylaminopyridine (DMAP) as catalyst. Under catalytic conditions,
weight change values of 4.0, 9.0, and 12% were obtained for water, ethanol, and iso-propanol,
respectively. Addition of DMAP catalyst clearly has a pronounced effect on gettering of water
and iso-propanol. Since the presence of a catalyst should only change the rate of the reaction, not
the conversion, the changes we observed are likely due to changes in the polarity of the
polymer/catalyst mixture. Gettering experiments were also conducted using a stoichiometric
amount of reactive species in the presence of catalyst. Weight change values of 1.7, 6.1, and
10.1% were obtained for water, ethanol, and iso-propanol, respectively.

The low reactivity of water with poly (maleic anhydride-alf-1-octadecane) 2 may be due to the
presence of the hydrophobic alkyl chain adjacent to the anhydride ring in the polymer backbone.
To further elucidate this, we conducted gettering experiments with poly (ethylene-alt-maleic
anhydride) 3, which contains no hydrophobic chain in the polymer repeat unit. An additional
benefit was that poly (ethylene-alt-maleic anhydride) 3 offered higher theoretical gettering
capacity with calculated values of 14.3, 36.5, and 47.6% weight change for reaction with water,
ethanol, and iso-propanol, respectively. Gettering experiments were conducted and monitored
with an excess of these reactive species over a period of two months.

Table I shows weight gain percent of reacted PEMA 3 for each species after vacuum drying (to
remove adsorbed, but not reacted species) until a constant weight was obtained. It must be noted
that for all of these gettering experiments, a large excess of reactive species is also adsorbed on
to the polymer material. Poly (ethylene-alt-maleic anhydride) 3 gettering of water yielded a
10.5% weight increase after only one week of reaction. The theoretical maximum weight gain,
14.3%, for reaction of water with PEMA 3 was achieved within one month of exposure. An
experimental weight gain of 16% was observed for reaction with water. Hydrogen bonding of
free water molecules to carboxylic acid groups of the reacted PEMA is probably responsible for
the additional 2% weight gain observed in the experiment. Ethanol reacted slower than water
over time with a 52.8 % increase in weight after two months. This large weight gain in excess of
the theoretical maximum for ethanol is probably due to unreacted trapped ethanol in the polymer
matrix. Indeed, the PEMA-ethanol getter sample was a hardened gel after high vacuum
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treatment. Reaction of iso-propanol with PEMA 3 was the slowest reaction of the three species

with a 12.8% weight gain after two months.

Reactive Species 1 Week 1 Month 2 Month Theoretical
(% Wt Gain) (% Wt Gain) (% Wt Gain) Maximum (%)
Water 10.5 16.0 15.6 14.3
Ethanol 4.6 22.9 52.8 36.5
Iso-propanol 0.0 4.1 12.8 47.6

Table I. Weight gain data for reaction of water, ethanol, and iso-propanol with PEMA 3.

It is clear from these results that the reactivity of maleic anhydride polymers with molecules
containing a free hydroxyl group is dependent on substituent group effects adjacent to the
anhydride ring. The 18-carbon alkyl chain in poly (maleic anhydride-alt-1-octadecane) 2 inhibits
its reaction with water due to the hydrophobicity surrounding the cyclic anhydride. For poly
(ethylene-alt-maleic anhydride) 3 no such hydrophobic environment exists and water is able to
readily react with the cyclic anhydride. In addition, no catalyst is required to enhance the
reactivity of the polymer as was observed for poly (maleic anhydride-alt-1-octadecane) 2.

Although our approach toward covalently removing reactive species from sealed environments
using anhydride polymers was successful, it was realized early on that the reverse reaction may
also occur at elevated temperatures. Specifically, at elevated temperature, the reacted ring-
opened anhydride polymer may ring close or crosslink to reform an anhydride moiety and expel
water or alcohol in the process. Both reacted poly (maleic anhydride-alt-1-octadecane) 2 and
poly (ethylene-alt-maleic anhydride) 3, exhibited no reversible reaction at 70 °C after
approximately 16 hours of heating. However, both anhydride polymers exhibited some reversible
behavior at temperatures above 80 °C after 24 hours of heating as evidenced by characteristic
changes in the polymers infrared spectra.

3.3 Diffusion Through Binder

In an effort to provide more accurate diffusion data for the modeling aspects of this project, we
investigated transport of water and ethanol in the polybutadiene binder, as well as mixtures of
binder and the getter. This information is an important part of the overall gettering system
because, depending on the loading fraction of the gettering material in the binder, diffusion
through the binder can be the rate limiting step. A PEMA/Ricon 130 (50:50) blend formed our
model getter/binder system. Ricon 130 is a viscous liquid used to hold the powdery PEMA into a
castable semi-solid paste. Ricon 130 is a 1,4 — polybutadiene resin with a molecular weight of
2500 g/mol and when mixed with the PEMA getter a formable paste is generated. Thick films
were prepared, placed in closed containers with water or ethanol saturated atmospheres and
monitored for mass changes over time. The change in mass over time is shown in Figure 6 for
water and Figure 7 for ethanol.
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Figure 6. Water absorption in Ricon130 thin Figure 7. Ethanol absorption in Ricon130
films exposed to 100% water humidity at thin films exposed to saturated gas phase
room temperature and pressure. headspace at room temperature and pressure.

Comparing Figure 6 and 7, one can see that the uptake rate of ethanol in Ricon 130 is much
faster than that of water in Ricon 130. This is not surprising, considering Ricon 130 is a
hydrophobic hydrocarbon polymer. At 1500 hours, the Ricon 130 is still taking up water. In the
case of ethanol diffusion, the films reached saturation at 27 hours for the 1mm film, 360 hours
for the Smm film and 700 hours for the 10mm film. Water capacity cannot de determined from
this data since the weight is still increasing over the time of the experiment.

3.4 Getter Reactivity and Capacity in Saturated Environments

Isocyanate, polymer bound (ICPB) 1.

A characteristic absorption peak for isocyanates generally occurs around 2240 cm’ and is a
convenient handle for monitoring reaction of -NCO containing compounds as few other
functional groups absorb in that region. Figure 8 shows the IR spectra of ICPB 1 and ICPB 1
after reaction with ethanol. IR spectroscopy revealed a slight decrease in isocyanate absorption at
2242 cm™ and the appearance of new absorptions between 1723-1692 cm™, corresponding to
urethane absorption due to the covalent gettering of ethanol and iso-propanol. That the
isocyanate peak at 2242 cm” does not substantially decrease for reaction with ethanol or iso-
propanol supports the weight change and capacity data reported above. For reaction with water, a
new absorption appeared at 1692 cm™ due to carboxylic C=0 stretching.
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Figure 8. IR spectra of ICPB 1 and ICPB 1 after reaction with ethanol.

Poly(maleic anhydride-alt-1-octadecane) (PMA) 2

IR spectroscopy showed characteristic functional group changes in poly (maleic anhydride-alt-1-
octadecane) 2 that occurred during reaction. Poly(maleic anhydride-alt-1-octadecane) 2 has a
prominent absorption at 1782 cm™ which is characteristic of the strained anhydride C=0 ring
structure (Figure 9). Upon reaction with water, ethanol, or iso-propanol, this absorption is
significantly reduced, and new absorbances occur between 1700-1750 cm™ corresponding to
ester carbonyl stretches (Figure 9). As expected, the reaction with water produces a new
absorption at 3500 cm’, corresponding to the C-OH stretch of the dicarboxylic acid that is
formed and loss of peak absorption at 1782 cm™.
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Figure 9. PMA 2 and reactions with water, ethanol and iso-propanel.

Poly (ethylene-aglt-maleic anhydride) (PEMA) 3

PEMA 3 exhibited practically 1dentlcal IR spectroscopic behavior as observed for PMA 2.
Decrease in absorption at 1782 cm™ is clearly evident for the anhydride functionality with new
peaks appearing between 1700-1750 cm™ due to formation of ester and carboxyhc functional
groups upon reaction. Water reaction with PEMA 3 shows complete conversion by IR
spectroscopy as the anhydride functionality at 1782 cm’ completely disappears while prominent
—C-OH stretches are observed at approximately 3500 cm'!
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Figure 10. IR spectra of PEMA 3 and reactions with water, ethanol and iso-propanol.
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3.5 Getter Reactivity in Unsaturated Environments Results — Gas

Phase IR Studies

Deuterated compounds (D,0 and ethanol-dg) were used instead of the protonated versions to
provide an IR signal away from where other common absorbances are observed. Gas phase IR
analysis experiments were conducted with two different methods for introducing the vapor of
interest. In the first method, several 10 pl drops of D,0 or ethanol-dg are added to the IR cell by
opening the cell and pippeting in the solvent. Depending on the amount of getter present, 10 pl is
10-20% of the getters capacity for these experiments. The second method introduces a smaller
aliquot of the vapor in the gas phase generated by flowing dry air through a dynacalibrator
containing a permeation tube filled with the solvent of interest and produces a known amount of
solvent at a set temperature. In this method, the concentration is controlled by changing the rate
solvent and

of airflow and lets us examine the getters ability to remove a limited amount of
measure the lower bounds of its ability to remove the solvent.
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Figure 11. Examples of baseline corrected IR data.

Figure 11 shows examples of the baseline corrected IR data collected and used in this study.
Solvent concentration is monitored by peak height. The peak at 2780 em’ for DO and
2242 cm™ for the O-D stretch of ethanol-ds were used to follow the progress of the gettering
reactions. These peaks were selected because there are no interfering peaks nearby that could

complicate the interpretation of the data.
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Figure 12. PEMA 3 exposed to a series of 10 pl drops of ethanol-ds, and then heated to 50°C. A
control cell with only ethanol-dg on foil is also shown with addition of a large excess of ethanol-
ds followed by heating to 50°C.

Figure 12 shows the changes in concentration of ethanol-dg exposed to PEMA 3 powder. Four
sequential aliquots (10 pl) of ethanol-ds were added to the cell over the length of the experiment.
Absorption occurs quickly after each drop is added until equilibrium is reached with the excess
of gas phase ethanol-ds and then gettering continues at a slower rate. Heating of the cell to 50°C
at the end of the experiment produce a slight increase of ethanol in the cell indicating that some
of the solvent had absorbed onto the getter and not yet reacted with it. Ethanol in the control cell
came down to constant level after each drop was added. Some of this may be due to ethanol
coating the IR cell walls. Two large amounts of solvent were added to determine the maximum
signal (or concentration) at room temp. The cell was then heated to 50°C to determine maximum
response at the elevated temperature. In both cases liquid solvent remained in the saturated cell.
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Figure 13. Absorption plots of D>O with selected getters.

Using a similar procedure to that of Figure 12, Figure 13 shows the absorption behavior of
adding a series of 10 ul drops of D,O to cells containing PEMA powder, 5A molecular sieves
powder, and a control cell with aluminum foil. Again the getters absorbed the solvent quickly
until equilibrium was reached. The concentration then continues to decrease at a slower rate. The
amount of solvent in the gas phase increased with each drop added, slowly approaching that of
the control. Heating the samples to 50°C at the end caused an increase of the vapor phase D-O
indicating that some of the solvent was absorbed onto the getter and walls of the IR cell and had
not yet fully reacted. The IR absorbance decreased upon cooling back to room temperature
indicating that the vapor was reabsorbed.
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Figure 14. Absorption plots of D>O with selected getters mixed with the Ricon binder.

The data shown in Figure 14 is for getter 3 immobilized in a sticky polybutadiene matrix, more
closely representing the expected deployment conditions for this getter. Initial absorption after
each drop reduced when compared to the neat getters in Figure 13. Reaction rates are slower as
the solvent has a harder time accessing the getter through the binder. The slow rates will help in
the deployment of the getter by increasing the working time for assembly of the microsystem

without using up all of the getters capacity. The remaining capacity will help to ensure a clean
environment over the life of the system.
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Figure 15. Commercial getters from Cookson electronics exposed to air containing D,O.

The next series of experiments were conducted in the same gas phase IR cell, but used D,O
vapors generated from a dispersion tube in a dynacalibrator. Figure 15 shows the results of the
two commercial getters, GA2000 and Hicap. The Hicap getter was exposed to three separate
doses of D,0. The rate of each subsequent absorption was a little slower than the previous. The
D;0O absorption with GA2000 was extremely fast and would pose a problem (loss of usable
capacity), if assembled out in the air. While these getters performed well, they only remove
water and are therefore inadequate for use in microsystems with other solvents of concern. As
shown by the control data in Figure 15, much of the initial decrease in IR absorbance in these
experiments is due to the small solvent dose adhering to the cell walls and foil.
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Figure 16. A comparison of different getter materials when exposed to a small amount of D,O in
air.

The data from Figure 16 shows that PEMA mixed with Ricon, and SA molecular sieves mixed
with Ricon are both competitive with the commercially available getter and are capable of
reducing D,0 below our detection limits in a short time. The sample containing only the Ricon
binder is not capable of gettering any of the solvents, and being hydrophobic, blocks the D,O
from coating some of the foil surface, thereby increasing the gas phase concentration.
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Figure 17. PEMA and 5A sieves in Ricon binder exposed to a small dose of ethanol in air.

Figure 17 shows a small dose of gas phase ethanol being remove by PEMA and 5A molecular
sieves in Ricon 130 binder. These getters effectively removed the ethanol but did so more slowly

than the removal of D,O in Figure 16. This is consistent with water diffusion through the
hydrophobic Ricon being slower than that for ethanol.

The data shown in the previous figures indicate that PEMA is effective at reacting with water
and ethanol (and presumably other primary alcohols). The data also supports the desire to coat
the particles with a binder that not only broadens the way the getter can be applied, but also
slows the absorption, providing more assembly time for a given application.

It should be noted that, due to isotope effects, the rates shown here are to be considered lower
limits of the rates for non-deuterated water and alcohol reactions. In general, the non-deuterated

reactants are expected to react faster and could have an effect on the microsystem assembly time
discussed earlier.
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4. Microsystem Simulation and Experimental Analysis

The major goal of the project is to assess the overall capabilities of a new class of irreversible
getters. To this end, the modeling portion of the work seeks to quantify the getter and system
performance by developing a mathematical approach capable of predicting the environmental
evolution over the lifetime of any microsystem of interest. Such models can be used to estimate
the ingress of undesirable species, determine the amount of getter required for a particular
microsystem package, and yield insight on the best location for the getter within the
microsystem. These goals were accomplished by developing reaction and transport models
describing the fate of chemical species within microsystems containing getter material. In the
current work, the specific chemicals of interest include both water and ethanol.

An overview of the problem of interest and an introduction to the overall modeling approach is
given in Section 4.1. Then in Section 4.2, a general one-dimensional numerical model is
developed and used to describe the transport and reaction of chemical species in a microsystem
package that includes a getter material encapsulated within a polymer matrix. The model is first
developed in terms of dimensionless quantities that apply to all systems regardless of their
system specific parameters. The simplest one-dimensional model helps to elucidate the relative
importance of gas phase diffusion and diffusion within the binder material, and allows a quick
estimate of the gas phase and polymer phase concentrations over time. Additionally, the
relationship between diffusion and reaction in the polymer/getter material is examined in a
generic manner.

The two-dimensional model developed in Section 4.3 extends the one-dimensional model by
explicitly taking into account the location of individual grains of the getter material within the
surrounding polymer matrix. Additionally, the disparate material properties of the getter and
polymer matrix phases are explicitly represented whereas the one-dimensional model treats the
getter/polymer mixture as a single material. Thus, the two-dimensional model incorporates the
role of diffusion through the high-diffusivity getter phase and reveals the importance of particle-
to-particle proximity in determining bulk transport properties.

Before these models can be used for any specific application, it is necessary to determine several
system specific parameters. These include getter parameters such as the getter reaction rate,
getter maximum capacity, and the getter equilibrium absorption curve. Additionally, since a
polymer binding material surrounds the getter, the storage and transport properties of the
chemical species of interest through this polymer must also be determined. Such properties
include the diffusion coefficient of both water and ethanol through the polymer and additionally
the equilibrium solubility/capacity of both species within the polymer itself. As explained in
Section 4.4, these parameters have been estimated by analysis of the experimental data sets
described in the first major section of this report.

Finally, once the system parameters are known, the developed model can be used to estimate the
anticipated mass concentrations of chemical species within the microsystem environment over
the lifetime of a specific system. The effects of changing the magnitude of interfacial leak rates
(such as from diffusion through the side walls or through the bottom of the package) or sources
arising from internal components (such as gasses trapped within organics or trapped spaces) can
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be estimated along with the effects of different initial vapor phase environments and alternative
gettering strategies. While discussion of these effects is found in Section 5, specific examples are
not included in the current report.

4.1 Problem Description and Modeling Approach

The physical systems of interest consist of micro or nano-scale packages containing features or
parts susceptible to various chemical species, such as water, that may infiltrate the package.
Figure 18 shows a picture of a typical system having dimensions of 1 mm x 2 mm x 4 mm. The
volume of a typical package is on the order of several mm’.

Pyrex 7740 borosilicate glass

poiysilican

Figure 18. Photograph of a typical microsystem ( 1 mm x 2 mm x 4 mm )

In these systems, fragile key features are often attached to the top surface of a substrate, typically
made of silicon. Such systems are typically packaged by placing a ‘lid’ over the features of
interest to seal the vapor space above the components from the external environment. A number
of different physical packaging processes are available to seal the package.5 These processes may
be performed in inert environments, such as a nitrogen fill, so that the initial packaged
environment is free of potentially reactive species. However, since strict environmental controls
are costly and time consuming, packaging sometimes takes place in non-inert environments.
Here, the air exposure during packaging may quickly saturate a getter to capacity. This can
severely shorten the overall lifetime of the microsystem.
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Once the microsystem is sealed, the chance that potentially harmful chemicals could reach the
fragile features is greatly diminished. However, several pathways exist that could allow ingress
of harmful species. The most likely source of leaks from the external environment is the interface
between the lid and the substrate itself.” Additional ingress pathways include pass-throughs
needed for wires or other means of exchange between the microsystem and the external
environment.”

Even if leaks could be completely eliminated, contaminants may originate from within the
package itself. One potential source is species that are absorbed on free surfaces within the
package during the fabrication and packaging processes. Additional contaminants may originate
from gasses trapped within organic materials found within the package or from the chemical
decomposition of the organic materials themselves. Such gas contaminants are gradually released
over time. Microsystem packages may also contain trapped volumes that release undesirable
species over the package lifetime. Experimental observations of vapors present in microsystems
after packaging have been observed by Mack et. al® and Weber et. al.’

In general, the time required for equilibration of molecular sieves and other getters within the
package environment will be on the order of hours to days. Since these times are short compared
to the package lifetime, it will often be reasonable to assume instantaneous equilibrium between
the getter and the package environment. However, several significant scenarios may occur where
this assumption is not valid. For example, the getter material may be intentionally protected by a
polymer layer intended to prevent getter loading during assembly. Here the contaminant must
diffuse through the polymer before reacting with the getter. This greatly increases the time
needed for the system to come to equilibrium and the transient effects can become important.
Additionally, an abrupt rise in species concentration may occur due to any of the possible
sources listed above. These concentration bursts or “puffs” may have consequences on a time
scale that is much shorter than the getter response time. In these scenarios, modeling of the
transient response is required. Modeling of water in sealed electronic packages has previously
been conduced by Keenan."

The modeling approach taken here is to solve the differential form of the equations describing
mass conservation of relevant chemical species within each of the different regions of the
domain (i.e. getter material, polymer material, vapor region). Transport of species between
regions is incorporated through boundary conditions that account for surface kinetics (eg.
surface gettering rates) as well as equilibrium considerations (eg. solubility). Thus, for each
species, there will be one differential equation for each region of interest. In the absence of
explicit convective forces, the species differential mass balance reduces to a simple diffusion
equation with a reactive source/sink term:
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Here ,nom is the mass density of species A in the i region or phase. D"is the diffusion
A AB
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coefficient of species A through B in the i region, and r s a reactive source or sink term
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that describes the rate of transport of material between different regions. The exact form of r
depends on the manner in which material is transferred between regions and must be specified.

Mass balance equations can be formulated mathematically in terms of several alternative
dependent variables such as mass concentration, molar concentration, mass fraction, partial
pressure, parts per million (by volume), and relative humidity (when discussing water).
However, converting between these variables is straightforward, and we have chosen to work in
terms of mass concentration in cgs units (grams / cm’).

For convenience, the collective mass balance for all species is used to replace one of the species
balance equation; here we eliminate the most prevalent species (eg. air or nitrogen) and treat all
contaminant species as trace components of the mixture. Once suitable initial conditions and
boundary conditions are specified, the equations describing chemical species transport can be
solved.

We have chosen to solve the resulting differential equations in MATLAB, a widely used
commercial software package. MATLAB provides a convenient framework for solving the
transport equations and displaying the results. Before input into MATLAB, the equations are
discretized by applying the mass balance equations to many small computational zones within
each region of interest. The resulting system of nonlinear algebraic equations is placed into a
matrix format that numerically specifies the problem. At each time step in the problem evolution,
routines within MATLAB are used to solve the matrix equation for the instantaneous values of
the species concentrations in all zones. The total amount of any species in a particular region,
such as the getter or gas phase, is determined at any time by integrating the instantaneous mass
density over all zones within that region.

4.2 One-Dimensional Model

This section describes the one-dimensional modeling approach used to estimate species transport
within the microsystem. Similar descriptions of transport through polymeric systems have been
presented by George.” First the computational domain and governing equations are discussed.
Then the equations are converted into their dimensionless form and two important dimensionless
parameters are identified. Finally, the results of the one-dimensional analysis are presented and
some conclusions are made.

4.2.1 Computational Domain and Governing Equations

The microsystem can be divided up into three computational regions, shown in Figure 19. The
first region consists of the internal headspace volume within the lid, the second consists of the
polymer material that holds the getter material. The final region consists of the getter particles
themselves. The getter material is viewed as a collection of permeable spheres that are suspended
throughout a thick polymer and then attached to the upper portions of the package lid. For
contaminant species to reach the getter where it is reacted and absorbed, the material in the vapor
phase must first diffuse through the polymer. Thus, transport properties of the polymer material
play an important role in the function of the getter.

In the current one-dimensional approach, the second and third regions are combined into a
composite material that includes both the polymer and the getter particles. The getter material is

34



assumed to be uniformly distributed within the polymer matrix so that the getter reaction can be
described as uniform over the getter/polymer region. In the two-dimensional approach described
later on, the individual getter particles will be explicitly represented and the assumption of
uniformity is not required. Although actual microsystems are anticipated to have much more
complicated geometries, the current one-dimensional model contains the essential characteristics
of these more complex systems.

Vapor/Solid
Interface

X=0 H__,____,__'——\ m

Figure 19. Computational domain for one-dimensional model.

In the current approach we model contaminant transport within the package using a coupled
system of three one-dimensional equations; one for each of the regions described above. The
transport of a chemical species A through the vapor (superscript v) headspace above the
microsystem is mathematically described as

)

9 wap”
L_ = i D & ] (2)
ad | " o
For now, the initial condition is given to be:
t=0 p =0, 3)

indicating that the initial concentration of species A in the vapor phase is zero. The following
boundary conditions are applied on lower and upper boundaries shown in Figure 19:
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x=0 p =p, (4)

wdp  dp
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The first condition specifies a mass concentration at the lid/substrate interface. In future studies,
this boundary condition can be modified over time to simulate leaks from this interface. Since
the model is one-dimensional, this boundary condition can also describe diffusion through the
substrate. The second condition in Eq. (5) enforces continuity of the mass fluxes at the boundary
between the vapor region and solid/getter region. The mass concentration gradients are related by
the ratio of their respective diffusion coefficients.

A second equation describes contaminant transport within the composite material (superscript s)
composed of the polymer binding material and the getter particles:

(s}

" 9 LA e
A 2D A . )
R R 8

(s

The homogeneous reaction term, r ' , accounts for the reaction and absorption within the getter

material that is assumed to be uniformly distributed throughout the polymer. Because the getter
is surrounded by polymer, the contaminant within the vapor phase must diffuse through the
polymer before it can react. This greatly reduces the effective reaction rate of the composite
material compared to a directly exposed getter.

Similar to the vapor equation, we specify an initial condition of zero contaminant concentration
within the polymer/getter material:

t=0 p_ =0. (7)

Additionally, two boundary conditions are required and we specify the following:

(v)

x=L p, =sp, (8)
ap{s) .

=L, X4 -0 9

Sl = 9

Equation (8), relates the contaminant concentration in the polymer/getter region to that in the
vapor region. The proportionality constant, s, is the equilibrium solubility and is related to the
Henry’s Law constant. The second condition, Eq. (9), prevents contaminant from escaping
through the top boundary.

The third and final mass balance equation describes the amount of water that has been reacted
and is retained within the getter/polymer composite material:
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As before, the mass concentration of chemical species A within the getter is initially zero:

@ (11)

Vis)y

Both Eq. (6) and Eq. (10) have been expressed in terms of a general reaction rate,r . The

volumetric reaction rate,r , is assumed to be proportional to the local density of unreacted
contaminant within the getter/polymer composite:

Vis)

(s)
roo==k,p, .

A

(12)

We expect k, to be proportional to the getters surface area per unit of composite volume, SA/V,
the average impingement velocity of gas molecules within the getter pores, and some sticking or
reaction probability, f:

voo  SAQ@ _ (13)
k, oc—V(G) V- f.

Further, the sticking probability can be written in terms of an initial probability and a term that
accounts for the diminished capacity of the getter to react/absorb as it reaches its capacity:

p, (14)

(G:'max =

f=f|1-

A

However, since we have no direct knowledge of the getter surface area, we choose to write the
proportionality factor k in terms of experimentally observable quantities as:

e " M(G)
Ko MO A | (15)
V(G)
A
(@) -
where VO is the mass of getter material per unit of getter/polymer volume and k, includes a

number of constants that cannot be independently determined by the experiments described
earlier. Thus, the reaction/absorption of contaminant by the getter is evaluated as:
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The constant parameters appearing here are determined in Section 4.4.2 by using this equation to
analyze the experimental data described in preceding sections.

4.2.2 Dimensionless Governing Equations

To identify key parameters of interest and to minimize the number of parameters, it is useful to
put the equations into a dimensionless form. This yields insight into the relative importance of
various processes and parameters. Defining characteristic length, density, diffusivity, and time
values allows us to define the following dimensionless variables:

(5) o)
R an
L P,
5 3 . D
i = D, =2
L, Do (18)

The vapor phase differential mass balance in Eq. (2) is now expressed as:

P, _.9 ‘&’p*A (19)
a | & |
with initial condition
v 20
b (20)
and boundary conditions:
x'=0 p) =1 e2))
RO S DU (22)
L, &

The dimensionless diffusion coefficients now take the following form:

{v)
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Transport of contaminant into the composite material composed of the polymer binding material
and the getter, Eq. (6), is now described as:

ag:: c}"é’p ‘ N[ }D (25)

where the homogeneous reaction rate has been replaced with the expression developed in Eq.
(16). The dimensionless mass concentration of species A in the getter is defined in terms of the

capacity of the getter, p;m‘"“"

L6 pA 26
Pi = % om - (26)

A new dimensionless quantity, N, that appears in Eq. (25) describes the ratio of the reaction rate
in the polymer/getter region to the nominal diffusion rate of species A through the polymer/getter
region:

nokls @7

This parameter may also be viewed as the time required for diffusion across the polymer/getter,
2

—2- , relative to the characteristic reaction time, — . The dimensionless initial condition
D

AB (’

becomes:

" L0 28
t =0 p, =0, (28)

while the dimensionless boundary conditions are expressed as:

#* _h *“) _ *“'] (29)
X L P SP 4
. ' (30)
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The last dimensionless expression is derived from Eq. (10) and is the differential species mass
balance in the getter:

(G)

ap,. m{l p‘“}o (31)
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Where

P, (32)

characterizes the ratio of the characteristic mass concentration in the vapor phase to the mass
concentration of species A in the getter at capacity. Additionally, the initial condition is:

s « @ 33
=0 p, =0. ©3)

In deriving these equations, two important dimensionless parameters have arisen. These are:

v kls (34)

5 2

the ratio of the reaction rate in the polymer/getter region to the diffusion of species A through the
polymer/getter region and:

D
ezl (35)

the ratio of the diffusion coefficient in the vapor region to that in the polymer/getter region. For
the current set of equations describing the transport of material throughout the microsystem, we
need only to vary these two parameters over a wide range of parameters to completely
characterize the system response. The values of these parameters can be determined from the
property data relevant to a particular system; usually this data is derived from experimental data
like that presented earlier.

4.2.3 One-Dimensional Results and Discussion

Performance of a general getter system is now examined by solving the preceding dimensionless
equations. Since we are interested in the performance of a specific system, we can readily make
an estimate of &, the ratio of the diffusion coefficient in the vapor phase to that in the
polymer/getter material. Typical values of the diffusion coefficient of water in the gas phase are
on the order of 107" cm®/sec, while values in polymer materials are approximately 10 cm?/sec.
This results in an epsilon value of 10°. With one of the dimensionless quantities set, it is now
only necessary to vary the other, N, over a large range of values to completely characterize the
system. Additionally, the above equations require a value for the equilibrium solubility of
species A in the polymer/getter region. For the time being, we use value of s = 0.02."* These
simulations also assume that there is a continuous source of contaminant available from the
vapor phase. In more realistic simulations, the contaminant would not be continuous and would
instead be released in shorter duration bursts or puffs whose duration and magnitude vary.
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Simulations of the system response were performed for five values of the normalized reaction
rate N (105, 10*,10°, 10 , and 0). Larger values of N correspond to larger/faster reaction rates in
the getter. Results are shown for three dimensionless times. The first is a relatively short time
where the getter has not been filled to capacity for any of the specified reaction rates (values of
N). The second is an intermediate time where the getter has been filled to capacity for some
values of N, and finally, a relatively long time where the getter has been filled for all N. For each
case, we show the dimensionless concentration profile in the solid/getter region as a function of
dimensionless position (the polymer region is defined within the region x/L = 0.95 thru x/L =
1.0). Additionally, we show the dimensionless concentration of the contaminant adsorbed in the
getter/polymer as a function of dimensionless time. These results are shown in Figure 20 —
Figure 24. For each of the simulations performed, the contaminant concentration in the vapor
phase was effectively uniform and the results are not shown.
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Figure 20. Concentration of unreacted contaminant in the polymer/getter region
(early time)
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From these results we can make several observations. For each of the figures, the maximum
contaminant concentration predicted is 0.02. This corresponds to the prescribed solubility, s, of
the contaminant in the polymer/getter phase at the boundary x/L = 0.95. As the contaminant
diffuses through the polymer towards the outer boundary at x/L. = 1, its concentration decreases
due to reaction/adsorption by the getter material.

Figure 20 shows the simulation results for the shortest time examined. Here the fastest gettering
rate, corresponding to N = 1x10°, reduces the unreacted contaminant concentration to zero within
the polymer region. As the getter rate (N) decreases, the unreacted contaminant concentration
within the polymer increases. For the case of no reaction (N=0), the concentration remains
uniform at the solubility condition. Figure 21 shows the concentration of contaminant absorbed
in the getter material at this same relatively short time. Here, none of the gettering rates are fast
enough to fill the getter to capacity (p = 0.05) and the amount of contaminant reacted/absorbed is
seen to be directly proportional to the gettering rate (N). For the case where no getter is present
(N = 0), the concentration remains zero.

Figure 22 shows the contaminant concentration profile in the polymer at an intermediate time.
Here, some of the reaction rates (N) are fast enough to have completely filled the getter to
capacity. For the gettering rates of N=1x10° and N=1x10%, we see that the contaminant
concentration in the getter is uniform and at the solubility condition. In these cases, the getter has
absorbed as much contaminant as it can and the system behaves as though no getter is present.
Figure 23 shows the mass concentration history in the getter for each of the five gettering rates
examined. Here it is apparent that the getter has reached its concentration capacity (0.05) for the
two fastest gettering rates and the getter is filled. It is observed that as the getter rate decreases,
the time to reach totally capacity increases. This trend is also observed for the relatively long
time simulation results shown in Figure 24. Here, all of the reaction rates have had the
opportunity to fill the getter and mass concentration of the getter within the polymer remains
uniform at the solubility condition.

Additionally the study shows that for all values of N, the contaminant concentration is essentially
constant throughout the entire vapor phase when using an estimated € of 10° . This indicates that
diffusion in the vapor region is so fast compared to diffusion in the getter/polymer that the gas
volume can be viewed as a bulk volume of uniform concentration. However, depending upon the
system geometry, there may sometimes be restricted gas volumes that are slow to reach
equilibration with the bulk internal volume. In addition, it may be of interest to simulate the
distribution of contaminant in the vapor phase if a getter is intentionally co-located with an
expected source of contamination. As a general rule, such placement seems desirable, but the
magnitude of the benefit will depend on system parameters.

4.3 Advanced Two-Dimensional Modeling

Two-dimensional modeling was undertaken to better understand the role of diffusion through a
composite material consisting of getter particles surrounded by a polymer matrix. In these
simulations, the getter particles are explicitly modeled. First, in section 4.3.1, the two
dimensional computational domain and governing differential equations are developed. Next, in
Section 4.3.2, the methodology used to explicitly construct and represent the getter particles
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within the polymer region is put forth. Several computations are then performed. The results are
discussed in Section 4.3.3.

4.3.1. Computational Domain and Governing Equations

The domain is the same as described previously in the one-dimensional analysis. Again we view
the system as being comprised of the three different regions, shown in Figure 25. The first being
the internal headspace volume above the features, the second is the polymer material that
surrounds the getter material, and the third being the getter particles themselves. In contrast to
the previous the one dimensional model, the getter material is now modeled as a collection of
permeable spheres suspended within a polymer layer that is attached to the package lid. In this
approach we compute the lateral transport across the width as well as the longitudinal transport
modeled previously.

The getter is now represented explicitly as a collection of non-overlapping circles of a specified
radius randomly distributed throughout the polymer layer. Such an approach is often used to
describe dual media or dual porosity systcms.13 Here, the contaminant species A is allowed to
diffuse through the polymer region, but upon reaching the getter region, does not automatically
react, but instead is allowed to diffuse (Knudsen diffusion) into the getter microspores where it
may react. Because of the large aspect ratio between the width and height of the polymer phase,
we chose to model a representative cell taken from an array that is assumed to be spatially
periodic in the transverse direction. This greatly reduces the computational work with little
reduction in fidelity.

As in the one-dimensional approach, we model the transport within the package by coupling a
system of differential equations together, one for each region. However, since the results of the
one-dimensional simulations indicated that transport through the vapor region is much faster than
that through the polymer, we now assume that the vapor phase mass concentration is uniform.
Again, three differential mass balance equations are required. The first describes the transport of
contaminant through the polymer region surrounding the getter, the second describes the
diffusion of contaminant into and through the getter, and the third describes the amount of
contaminant that has been adsorbed/reacted within the getter.

45



Getter
Particles

$=0
Vapor/Solid na
Interface
X \
x=0] | ¥ soldfGeterRepion "
Y=0 w
VR ¢ Vapor Region
—_ e W e B

Figure 25. Computational domain for two-dimensional model.

The equation describing two-dimensional transport of contaminant through the solid polymer
(superscript s) is:

c;(.‘) (‘}(9(!) l“a(!)
p. &[D p. ]+ a[D p. ] (36)

& = E Al (9x E AB (5]

As before, the initial concentration within the polymer region is taken to be zero and the
boundary conditions in the x direction are the same as in the one-dimensional case. In addition,
we now apply no flux boundary conditions on the sides of the microsystem lid (y-direction):

ap
y=0 —2-=0 (37)
%
ap(s)
y=W ——=0 (38)
%

The diffusion of contaminant through the getter material is described using the following
equation:

a Gy . a [fe3] o 8 Gy v
P, alb P, } Q{D P, ]*Q ’ (39)
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where r1m) is evaluated using Eq. (16). The initial condition assumes that the getter initially

contains no contaminant. At the boundary of the polymer and getter regions, it is assumed that
the mass concentrations are in equilibrium so that:

o P (40)

In the computational approach explained below, however, there is no need to explicitly apply the
boundary condition between the getter and the polymer along the very complex interfacial
boundary.

Finally, the accumulation of contaminant within the getter material is modeled by the following
initial value problem:

o"p VG) (41)

where again the reaction rate is given by Eq. (16). The initial condition assumes that initially the
getter contains no reacted species.

To circumvent the complexity of the getter/polymer interface, we define a function ¢, that takes
on discrete values of either one, for a location in a getter particle, or zero, for a location in the
polymer region. Based on this definition, we write a single differential equation describing
transport of contaminant within both the polymer and getter regions.

P2, { (¢)f9p(¢)} [D@ p(¢)} +r0), “2)

where

p@)=¢sp +(1-9)p )
()= D" +(1-)D" e
AVIG) M[G] pm] (G) 45

r(9)= ¢k, V(G){ me}ﬂ ' @)

This equation reduces to the previous equations, Eq. (36) and Eq. (39), within their respective
domains of application and it implicitly satisfies the equilibrium matching condition, Eq. (40),
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which applies at getter/polymer interfaces. The expression for the reaction rate developed in Eq.
(16) still applies and the initial concentration is still taken as zero. The boundary conditions for
the x-direction are:

x=0 p=¢sp, +(1-Psp, (46)
dp .
=L =90
" “7)

No flux conditions are still applicable at the symmetry boundaries of a unit cell:

P
y:O E:O (48)
do
=W X _-9 (49)
’ &

Once these equations are solved for p, the contaminant concentrations in the getter and the
polymer phase are determined as follows:

4

p:) =p where ¢p=0 (50)

p;m :!;— where ¢ =1 (51)

This approach effectively switches between the two independent equations describing the
diffusion and reaction of the contaminant in the polymer and getter regions. Although this
technique assumes local equilibrium at all getter/polymer interfaces, this is expected to be a good
approximation.

4.3.2. Explicit Getter Representation

For the two-dimensional analysis described above, it is necessary to create a computational
domain that explicitly represents the getter material. The thickness of the polymer layer is
expected to be about 1/20" of the microsystem height. Thus, for a 2 mm thick microsystem, the
polymer layer is expected to be approximately .4 mm or 400 microns. The particle diameter of
the getter is approximately 50 micron. Therefore, if packed perfectly and touching, we expect a
maximum of eight particles across the depth of the polymer material; in practice we would
expect a number closer to six particles at a volume fraction of around 35%. The width of the
system is expected to be 1 mm — 5 mm, which corresponds to approximately 1000-5000 getter
particles stacked side by side. Because of this large difference in length scales, there are two
options. The first is to view the polymer material as a composite material, as done for the one-
dimensional work, or second, create an explicit representation of the getter as a spatially periodic
structure. The second approach is demonstrated below. In these calculations a unit cell is used to
examine the character of diffusion within the getter/polymer material; this behavior is then
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extrapolated over the full width of the getter/polymer material to simulate the entire
microsystem.

In the example calculations the getter is represented as a collection of non-overlapping circles,
having a diameter of 50 microns. These circles are randomly distributed throughout the thin
polymer unit cell region that we specify as having a width of about five times its depth. For the
project, we developed a MATLAB code to create the required getter structure. Within the code,
the desired domain size, circle diameter and desired volume fraction of getter is first specified. A
pair of random numbers is then generated and used to define the center coordinates of the new
candidate circle. Using the specified radius, a test circle is created at these coordinates. Since the
getter representation must be spatially periodic, we must first determine if the circle crosses any
of the external boundaries. If so, we must generate an additional center point that corresponds to
the center of the reflected circle. This check is done for all four boundaries. We now evaluate the
test circle and all of its boundary reflections, if any, to see if they overlap with the current set of
‘good’ circles. If not, we add the test circle to the set of good circles and calculate a new volume
fraction of getter relative to the overall volume of the getter/polymer composite. Since it is
possible to specify a particle diameter, domain size, and volume fraction, that cannot be
physically constructed, we also keep track of the number of failed attempts where a test circle is
not added to the good circles. The process continues until the desired volume fraction or the
maximum number of iterations is reached.

Examples of the unit cells computed by the developed algorithm are shown in Figures 26 and 27.
A dimensionless domain is utilized where the width is five times the height. The circles are
intended to represent the getter phase distributed randomly through the polymer phase. The
difference between the figures is that the desired volume fraction of getter to polymer is 40
percent in Figure 26 while in Figure 27 it is 20 percent. These explicit representations of the
getter material can be used to evaluate the importance of particle-to-particle diffusion in
getter/polymer composite materials.
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Figure 26. Computational domain (unit cell) for two-dimensional model - Explicit getter
representation having a volume fraction of 40% getter to polymer.
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Figure 27. Computational domain (unit cell) for two-dimensional model - Explicit getter
representation having a volume fraction of 20% getter to polymer.

Since the getter regions are defined by a family of circles, we can readily determine whether a
computational zone lies within a getter circle and, if so, assign the appropriate value of ¢. Once
these assignments have been made it is only necessary to solve the discretized form of the
differential, Eq. (42).

4.3.3. Two Dimensional Results and Discussion

As in the one-dimensional case, the equations developed above are first discretized and then
solved using MATLAB. The results are the mass concentrations of the contaminant in the
polymer region, the concentration of the contaminant diffusing throughout the getter particles,
and the amount of contaminant reacted with the getter as a function of space and time. Again, we
may determine the total amount of species A (water or ethanol in our case) in any particular
region by integrating the dimensionless mass density over the volume of the region:

In the two-dimensional work, we are primarily interesting in understanding the effects of the
diffusion through the getter material and the possible influence of particle-particle contact.
Therefore, we simulate the process for two getter geometries: the first having a volume fraction
of 0.40 and the second having a volume fraction of 0.20. We solve the problem on a
dimensionless domain where the width of the unit cell is five times the height. The boundaries
along the domain correspond to the lid of the microsystem and are sealed so that no contaminant
can enter or leave. The bottom boundary corresponds to the vapor/polymer interface in the
microsystem and it is assumed that we have a constant and uniform concentration of contaminant
at this surface at all times. In an actual microsystem, the assumption of uniformity is expected to
hold because of the high diffusivity in the vapor phase. Although the interfacial boundary
condition will generally vary as a function of time, it is instructive to initially examine the
fundamental case of a constant contaminant concentration in the open gas volume of the
package.

Estimates of the diffusion coefficients of the contaminant in both the polymer material and the
getter are now required. Literature valucs for diffusion of water through a number of different
polymers are in the range of 1x10™"" m%s, whereas a much larger diffusivity of 1x107 m%s is
appropriate to the micro porous spheres of getter material. As in the one-dimensional case, we
use an equilibrium contaminant solubility of s = 0.02. Before simulations can be performed, it is

AVIG . ©) max -
also necessary to specify a reaction rate constant, k:m , and the capacity of the getter, p_ ™ in
Eq. (45). Since these quantities are getter specific, we utilize the same set of representative
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values in both of the simulations performed. Based on experimental evidence, the reaction rate
coefficient of the getter is set to a large value corresponding to a fast reaction. The maximum

. ) . . . . .

getter capacity, p, "™ is set to an intermediate value that reaches saturation in a reasonable
timeframe. While such values are suitable for the current analysis, more system specific
parameters may be determined and used when required, as in Section 4.4.2.

Computed two-dimensional concentration profiles are illustrated in the next sequence of figures;
each contains three vertically stacked frames. In each, the top frame shows the amount of
contaminant that has reacted in the getter as a fraction of its total capacity, the middle frame
shows the concentration profile in the polymer material relative to its equilibrium solubility, and
the bottom frame shows the normalized concentration profile of the contaminant diffusing
through the getter material and the polymer. For each simulation, three different times are shown
in a series of figures: early, intermediate, and late. Finally, for each of the simulations, the
average contaminant concentration reacted in the getter phase and absorbed by the polymer is
displayed as a function of dimensionless simulation time.

The first set of results is for a volume fraction of 40%. Figure 28 shows the two-dimensional
concentration profiles for an early time. The top profile reveals that most of the getter particles
have absorbed little to no contaminant. Only those particles near the source of the contaminant
have started to react and adsorb material. The middle frame shows the concentration profile of
the contaminant in the polymer material. The concentration front is seen to be fairly uniform, but
variations due to diffusion of material through the high diffusivity getter particles are seen. The
bottom frame in Figure 28 shows that the getter material near the source has reached a maximum
concentration and that as the distance from the source increases so does the concentration of the
contaminant adsorbed in the getter.

Figure 29 shows the two-dimensional profiles at an intermediate time later than Figure 28. Here,
the top frame shows that most of the getter particles near the source have reached capacity while
those at the top of the system have absorbed about 50% of their capacity. The middle frame
shows that although the getter has continued to react and absorb the contaminant, the
concentration in the polymer has only increased slightly. Thus, it seems that while the getter is
reacting, the concentration profile in the polymer phase varies only slightly. Again the bottom
profile shows only a slight change in the amount of contaminant that is diffusing through the
getter and polymer.

The last set of three frames in Figure 30 show a dramatic change for a time much later in the
simulation. Here, in the top profile, we see that all of the getter has nearly reached capacity. The
getter material is no longer able to absorb any incremental contaminant near the surface. Because
of this, the middle profile shows that that the contaminant has continued diffusing deeper into the
interior of the polymer. Soon, all of the getter will have reached capacity and the entire polymer
will be at its saturation limit. The bottom profile in this figure shows that the contaminant is
diffusing fairly uniformly across the polymer/getter region.

Finally, in Figure 31, we see the time histories of the mean concentrations of contaminant in the

polymer and in the getter, averaged over the entire getter/polymer region. Each of these
concentrations is normalized by either the equilibrium concentration in the case of the polymer,
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or the maximum capacity, in the case of the getter. The figure shows that initially the average
polymer concentration rises quickly to a value of about 27% of its equilibrium level. The getter
regions near the source of the contaminant react somewhat slower than the surface polymer
regions, thereafter increasing, monotonically toward capacity. As more and more of the getter is
filled, the contaminant in the polymer region travels further and further from the source before it
is captured by the getter. Thus, the concentration in the polymer region slowly increases as the
getter concentration increases. Finally, as all of the getter reaches its capacity, the contaminant
concentration in the polymer phase quickly rises to its equilibrium concentration. At this point,
the getter and polymer are full and no more contaminant can enter the system.

Simulations for a getter volume fraction of 20% are illustrated in Figure 32 through Figure 35.
Figure 32 shows the two-dimensional profiles near the beginning of the simulation. As
immediately evident, there are now about half as many getter particles as before. The results are
similar to those for the 40% volume fraction. In the top profile, only the getter particles near the
contaminant source have started to fill. The middle profile shows that the contaminant
concentration in the polymer is fairly uniform, although diffusion through the getter does play a
role.

As in the 40% scenario, the top profile in Figure 33 shows that for an intermediate time that the
getter particles near the source are almost full while those near the top of the system have
reached only 20% of capacity. The middle profile shows that the concentration in the polymer
has continued to advance, but only slightly. In the late-time profiles of Figure 34 most of the
getter material has reached capacity and the concentration front of the polymer, shown in the
middle profile, has begun to advance towards the top edge of the getter/polymer region as seen
earlier in the results for a 40% volume fraction.

Finally, Figure 35 shows the average contaminant concentration in the getter and the polymer
respectively normalized by the equilibrium saturation and total capacity. The profiles are very
similar to those in Figure 31 for a 40% getter volume fraction. As before, the amount of
contaminant reacted in the getter increases monotonically until reaching capacity. The
contaminant concentration in the polymer quickly jumps to approximately 29% of its equilibrium
value. It is also observed that the concentrations for a 40% volume fraction reach maximum
values at an earlier time than the 20% case, but the difference in filling times is remarkably
small.

In the present example, there are surprisingly few differences in the time response of systems
having getter volume fractions of 20% and 40%. One important difference in properties is that
the 40% system can hold more contaminant since more getter material is available. Despite this
factor of two difference in the capacitance, the required filling time is nearly the same. A
probable explanation is that a doubling of the amount of high-diffusivity getter material has
essentially doubled the diffusivity of the composite material, a claim made plausible by
examination of the particle configurations in Figure 26 and Figure 27. A doubling of both the
bulk capacitance and the bulk diffusivity would leave the filling time unchanged. However, it is
quite certain that this simple linear scaling argument will fail in other ranges of relative volume
fractions, requiring further calculations to reliably predict system response.
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Figure 29: Two-dimensional simulation results (40% volume fraction) (intermediate time)
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4.4 Analysis of Experiments

Before the models developed above can be used for any specific application, it is necessary to
determine several system specific parameters. These include getter parameters such as the getter
reaction rate, maximum capacity, and the getter equilibrium absorption curve. Additionally,
since a polymer binding material surrounds the getter, the properties describing storage and
transport of contaminant species within the polymer must also be determined. Such properties
include the diffusion coefficient of both water and ethanol through the polymer and additionally
the equilibrium solubility/capacity of both species within the polymer itself.

Several experiments were performed to determine these system specific parameters as described
earlier in this report. These experimental results are now analyzed to determine the relevant
material properties. For situations where experiments could not be performed, or the
experimental data was inconclusive, values obtained from the literature are reported.

Two different sets of data are analyzed in the present section. The first sets of experiments,
analyzed in Section 4.4.1, were performed in a saturated vapor environment. These experiments,
conducted for both H,O and EtOH, were designed to estimate the important transport (diffusion
coefficients) and storage properties (maximum equilibrium saturation) of the polymer binder
used to hold the getter particles within the microsystem.

The second set of experiments was designed to estimate the getter reaction rate in environments
that are similar to what is expected in actual microsystems. Here ppm quantities of contaminant
are introduced into a sealed vessel and IR spectroscopy is used to observe the time history of
vapor phase concentration. These experiments are analyzed in Section 4.4.2.

4.4.1 Diffusion/Solubility experiments

Because a polymer binder material surrounds the getter, the transport of contaminants through
the polymer plays an important role in controlling the overall rate of gettering. In order to
estimate the diffusion coefficient associated with contaminant transport through the polymer
material, several experiments were conducted. While details of the experiment are discussed in
Section 3.3, an overview of the procedure is included here.

The experiment is designed to observe the amount of mass absorbed by a given volume of Ricon
polymer material as a function of time. A total of twelve samples were investigated; six to
evaluate the transport of water and six to evaluate the transport of ethanol. For each sample, a
cylindrical stainless steel dish was filled with polymer at one of three thicknesses: 1 mm, 5 mm,
and 10 mm. Thus two samples at each thickness were created for each contaminant.

First, the initial weight of each sample was recorded. Then each set of samples was placed into a
saturated vapor phase environment of either water or ethanol, where they were allowed to absorb
mass by diffusion from the exposed sample face into the interior. At several times during the
experiment, the samples were removed and weighed to determine the amount of contaminant that
had been absorbed.

This mass uptake history observed for each sample was used to estimate the diffusion coefficient
of the contaminant within the sample. Additionally, after a relatively long time within the
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saturated vapor environment, the corresponding equilibrium value of the contaminant
concentration within the polymer was also estimated.

Saturated Vapor Phase

Ricon/Solid Region

Ricon/Solid Region

Figure 36: Computational domain used for diffusion analysis

Using the computational domain shown in Figure 36, we can describe the uptake of contaminant
in the polymer using the following one-dimensional diffusion equation. Here, the diffusion
coefficient is assumed to be independent of the contaminant concentration within the polymer
(Fickian diffusion):

&p(‘.) 0_] " apm
A —"IpD Al
& &{ g c?x] 62

The required boundary conditions assume that no contaminant leaves the bottom of the dish, and
that the top surface of the polymer layer is equilibrium with the adjacent saturated vapor:

dp
=0 A=) (53)
g e .
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For such a simple geometry, Equation 52 can be solved analytically. The total uptake of
contaminant within the polymer can then be determined by integrating over the polymer volume

(5) () 5
M= fplave. (55)

Vla')

The total uptake of mass within the polymer at any time can therefore be written in terms of the
diffusion coefficient and the maximum capacity of the contaminant in the polymer as:

ol 8 —ﬂiDl
ME(t)= M7 1- Yy ——|, (56)
w0 [2n+1)7]
where A, is defined as:
P @Cn+)z
" 2L - (57)
The maximum capacity is readily related to the equilibrium concentration and solubility,
M;= [p7"ave. (58)

Vls'l

Its value can be estimated by observing the amount of absorbed mass at long experimental times.
If an estimate of the equilibrium concentration in the polymer is not known, its value may also be
estimated from least squares analysis of the data.

A least squares optimization is used to determine the diffusion coefficient appearing in Eq. (56).
The analysis is accomplished by forming an objective function; a measure of the error between
the experimentally observed mass uptake and the theoretically predicted value:

Jm%[ﬂ/ff)(w)—M ®)] (59)

This expression is a function of the diffusion coefficient, and, if necessary, the equilibrium
saturation concentration. The analysis, which is performed in MATLAB seeks to determine the
value of the diffusion coefficient that minimizes this function. Salazar'® estimated diffusion
coefficients in polymers using a similar technique.
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Thickness | Diffusivity | Equilibrium % Capacity

Case (mm) | (cm’/s) |(gH20/ g polymer)*100%

(Al) 1 1.0034E-8 2.3000E-3

(A2) 1 3.4514E-8 9.3042E-2
(A1+A2) 1 1.6234E-8 9.3042E-2

(B1) 5 1.1864E-7 5.2340E-2

(B2) 5 5.0484E-8 4.7684E-2
(B1+B2) 5 7.8381E-8 4.7687E-2

Table II: Estimated diffusivity and equilibrium capacity for water in Ricon polymer

Thickness | Diffusivity Equilibrium % Capacity

Case (mm) (cm’/s) | (g EtOH / g polymer)*100%

(Al) 1 6.9709E-7 2.0000

(A2) 1 3.596E-6 2.0178
(A1+A2) 1 3.594E-6 2.0178

(B1) 5 3.9296E-7 2.150

(B2) 5 2.6211E-7 2.145
(B1+B2) 5 3.5467E-7 2.146

(CD) 10 4.942E-7 1.926

(C2) 10 4.8433E-7 1.906
(C1+C2) 10 4.8283E-7 1.926

Table III: Estimated diffusivity and equilibrium capacity for EtOH in Ricon polymer

The results of the analyses tabulated in Table II show that the diffusion coefficient of water
through the Ricon polymer seems to vary as function of the the polymer thickness. As the
thickness of the polymer increases, so does the diffusion coefficient. Previous studies have
shown that a concentration-dependent diffusion coefficients can be used to describe transport in
various polymers and copolymers.]4 Because of experimental complications, neither of the 10
mm samples in the saturated water experiment could be analyzed. Additionally, because of the
limited accuracy of the balance, and the relatively small amount of water that could be absorbed
by the polymer, the error in the water calculation is larger than in the EtOH experiment, where
more contaminant was absorbed. As is evident from Table II, the observed equilibirum capacity
of water in the polymer was only about 0.03%, making it difficult to estimate the diffusion
coefficient. However, the estimated value of approx 2.5x107 c¢m?s for the 5 mm case agrees
nicely with values found in the literature for the diffusion of water through a number of different
po]ymo:rs.12 Here values of 1.1x107 cm?/s were reported for the diffusion of water through a
poly(ester urethane). Also, for a wide number of polymers, diffusion coeffcients ranging from
1.5x10™'° em?/s to 1.04x10°° cm*/s were observed at external water vapor pressures of 0.072 atm
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and at an elevated temperture of 36.5°C."”° With these values in mind, our results seem
reasonable. Additionally, literature values for the equilibrium water content in the polymers were
found to range from 0.0071 to 0.014."> Our observed values are about an order of magnitude less
than those previous observations.
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Figure 37: Observed and predicted mass absorbance for 10 mm thick polymer sample in a
saturated EtOH gas phase environment.

65



o
Eo

o
=
N

0.1

Mass Adsorbed (grams)

Figure 38: Observed and predicted mass absorbance for 5 mm thick polymer sample in a

25

Mass Adsorbed (grams)

Figure 39: Observed and predicted mass absorbance for 5 mm thick polymer sample in a

o p—

300 400 500

Time (hours)

100 200 600

saturated EtOH gas phase environment.

i
700

D/

500 1000

Time (hours)

saturated H,O gas phase environment.

66

1500




The results for the ethanol samples are shown in Table III. The same general trends found in the
water samples are seen. As the thickness of the polymer sample increases, so does the estimated
diffusion coefficient. Perhaps this could result from relatively slow absorption kinetics at the
surface, causing a time delay before the surface concentration reaches the equilibrium value that
is applied instanteously in the model. The estimated value for the diffusion coefficient of ethanol
through the polymer is approximately 3.5x10” cm?s for the 5 mm sample. More accuracy is
expected in these measurements and calculations since a larger amount of ethanol, around 2%,
could be absorbed when compared to the absorption of water.

Figure 37 through Figure 39 show a comparison of measured data with our model predictions of
the weight gain histories for three representative experiments. The fit seems quite good, given
the apparent scatter in the data, suggesting that the inferred diffusivities are more than adequate
for present purposes.

Overall, we believe that the estimated storage and transport properties of ethanol through the
Ricon polymer are very reasonable. However, more work could be done to better estimate the
transport and storage properties of water in the Ricon polymer. For example, we might obtain a
better estimate for the diffusion coefficient by differentiating the theoretical expression for the M
and perform a least squares analysis on the mass absorption rate instead of the mass itself:

bs @gl@aﬂ)_m )|

A 0

Additionally, we could make allowance for surface kinetics in the modeling or pursue a more
accurate method for measuring the mass of the samples. However, for the current endeavor, the
determined values appear adequate.

4.4.2 Determination of Getter Properties

In the last section, we analyzed experiments performed to estimate the transport and storage
properties of the polymer binder material used to hold the getter particles in the microsystem. In
the current section, we analyze a group of experiments that are intended to determine the getter
reaction rate in environments that are similar to those expected in actual microsystem
applications. These experiments are described in Section 3.5 and are designed to determine the
gettering rate of ppm quantities of both ethanol and water using infra-red (IR) spectroscopy to
observe the time history of the vapor phase concentration.

In these experiments, the getter is exposed directly to the contaminant in the vapor phase. Thus,
the transport of the contaminant through the polymer is not a factor in the current analysis.
However, additional experiments for a polymer surrounded the getter were conducted and may
be analyzed at a later date. In summary, a small amount of getter material and a drop of water are
introduced into a cylindrical chamber having a volume of around 125 ml. The vapor phase
composition in the vessel is monitored using IR spectroscopy through transparent windows on
the ends of the cylinder. These measurements are used to construct a time history of the water or
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ethanol concentration in the vapor phase within the cylinder. After a chosen time, typically
around two days, the vessel is briefly opened and another drop is introduced. The process
continues until four to five drops have been added. Additionally, a control experiment is also
performed. The control contains no gettering material, and drops are added in a manner similar
to the experiment containing getter material.

A sample of the data obtained for the control experiment is shown in Figure 40. Here we see an
initial quick rise in concentration and then a relatively slow decrease to some steady amount. We
attribute this initial rise to the evaporation of the fluid drop into the vessel. The slow decay that
follows in this control group is assumed to represent the absorption of the contaminant by a sheet
of foil (used to support the getter material in subsequent experiments) and the internal walls of
the test chamber. Before the gettering data can be evaluated, these effects must be eliminated to
properly identify the effects of the getter. To this end, we model the process using a system of
mass balance equations that contain only reaction terms.

There are three regions where contaminant can be present: within the chemical drop itself, within
the vapor phase volume of the chamber, or adsorbed on the foil and/or inside walls of the vessel.
Balance equations are developed to describe the accumulation within these regions. The mass
concentration in the drop is described by the following equation:

W
P, ()

Y max

P
o

=—k1-

(61)

A

The corresponding initial condition is given by the initial mass of the droplet divided by the
chamber volume:

t=0  p. =p. . (62)

In Eq. (61), p:v)"“"" is the saturation value of the concentration corresponding to the maximum

vapor pressure of the chemical species in the vapor phase. In this equation, and all equations to
follow, we define the mass concentration of species A in terms of the volume of the entire vessel
region. Using this definition, there is no need to calculate the volume of the water drop as it
shrinks. Instead as the drop evaporates, the defined mass concentration will monotonically
decrease to zero (if the drop disappears). The reaction rate in Eq. (61), indicates that the
contaminant will evaporate until the drop is gone, or the vapor phase concentration reaches its
saturated value.

A second equation used to analyze the control experiment describes the amount of mass

absorbed by the aluminum foil and other absorption surfaces such as vessel walls that may also
physically adsorb contaminants. This equation is:
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where now p "™ is the maximum concentration of the contaminant on the absorption surfaces.

This expression shows that the amount of contaminant adsorbed on the foil and walls is
proportional to the concentration of contaminant in the vapor region. However, the rate slows
with increasing surface coverage approaching zero as the foil/walls reach their maximum
capacity. The initial condition assumes that the foil/walls are initially void of any contaminant.

Finally, a mass balance over the vapor phase can be developed by noting that any mass leaving
the droplet enters the vapor phase whereas any mass gain by the foil/walls is lost from the vapor
phase:

V) (F)
p ) F p )
A —k,(‘ A

(V)
/T
A r‘.r')ma A (F)

é} A A

The initial mass concentration of contaminants within the vapor phase is assumed to be zero.

(64)

max a

These three equations are simultaneously solved to obtain the contaminant mass concentration
history within each of the three regions. Since the system is closed, we can use an overall mass
balance to reduce the number of differential equations that must be solved. The overall material
balance for the contaminant is:

o)

=0 +p%% + pi . (65)
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Using the initial conditions specified above, the mass concentration of the contaminant in the
vapor region is written in terms of the concentrations in the other two regions:

(V) _ U(D)_

Py =o' =p = p’ (66)

Substituting this expression back into Eq. (61) and Eq. (63) yields:

WD)
aé(;D) _k;D)]_pA _ﬁ?}:x_pf) ;‘” (67)
ap'"” pm (D)
j=k§”1—pm¢m % -2 ) (68)

A
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The system of equations has now been reduced to two differential equations to be solved

simultaneously. Once values for p{”’

calculated from Eq. (66).

F N
and p'{” are known, the vapor phase mass concentration is

The experimentally observable quantity is the IR absorption intensity. This value is converted
into a mass concentration by identifying the largest IR absorption peak and assuming that this
value corresponds to the mass concentration of the chemical species at its vapor pressure. Once
the vapor pressure of the chemical is known at experimental conditions the ideal gas law can be
used to determine the mass concentration.

(V)
V) _ MW, n MV‘.’:&L P

‘ (69)
v RT

Using this relationship between IR absorption and mass concentration allows the remaining
experimental data to be scaled properly in terms of the value predicted by Eq. (66).

The unknown parameters in Eq. (67) and Eq. (68) are the rate coefficient describing the
evaporation of the drop (4”') and the absorption onto the foil/walls (&\"’). These values can now
be estimated using a least squares technique that minimizes the difference between the
experimentally observed mass concentration and the theoretically predicted value:

Z[pm( K, (D)’ max)_ p(vxexm(t} . (70)

Using a value of p;v)“‘“calculated from Eq. (69), the methodology allows values of the
remaining system parameters in Eq. (67) and Eq. (68) to be estimated.

This procedure was used to analyze the experimental data described in Section 3.5. In these
experiments, up to five drops of fluid were added to the cell over the course of the experiment.
For each drop, we re-initialized the time scale to the starting time of each individual drop. Thus,
each drop is analyzed separately. Once the system comes to steady state after the addition of the
first drop, the cell is opened up and another drop is placed on top of the previous drop. Since the
system is no longer closed, vapor may leave the system and some contaminant molecules may
desorb from the foil/walls. Thus, considering the uncertainty in the initial conditions for
subsequent drops, we estimate the required parameters using only the first drop. The results are
shown in Figure 40 and Figure 41 for water and ethanol respectively and the results are tabulated
in Table IV.
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Figure 40: Observed and predicted vapor phase concentration in calibration
step using one drop of H>O
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Figure 41: Observed and predicted vapor phase concentration in calibration step
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(F}

D) (F) max
Ky ky P,

Experiment he ] hr ! o/ o’
H,O (1 drop) 1.56 2.28 8.4E-5
H,O ( 5 drops ) 1.182 2.57 8.6E-5

EtOH (1 drop) 3.17E-4 1.374E-1 1.86E-5
EtOH ( 2 drops) 1.02E-5 1.177E-1 1.93E-5

Table IV: Estimated evaporation rate ( k”’), surface adsorption rate ( k"), and surface

. . (F) .
adsorption capacity ( ™) for the control experiments.
p pacily ( 0, P

Figure 40 shows the observed and predicted responses for the vapor phase concentration as a
function of time. The data shows the initial concentration increase due to the evaporation of
water molecules from the water droplet. The observed concentration then slowly decays due to
adsorption of water molecules on the cell walls and aluminum foil. The concentration then
remains constant. The mathematical model does a suitable job in predicting the system response.
The scatter in the data at later times is an indication of the level of error present in the
measurements. The evaporation of water from the drop and the adsorption of water by the system
surfaces are seen to have similar rate coefficients; 1.56 hr 1 for evaporation and 2.28 hr 1 for
absorption. The walls have an inferred maximum capacity of approximately 8.4x10” g / cm® of
water.

In the case of the ethanol experiment, Figure 41, the initial evaporation of the ethanol drop
happens so quickly that it is not captured in the experimental data. Instead, the ethanol
concentration decreases fairly monotonically. Because of this, the estimated value of the rate
coefficient for the evaporation process is not expected to be accurate. Nevertheless, the predicted
value of the absorption rate should be reasonable since the two processes occur on widely
disparate time scales. However, since the goal of analyzing the control data is to isolate the
effects of the getter in later experiments, any inaccuracy in the rate coefficient for the
evaporation process may affect the inferred gettering coefficient since the evaporation and
gettering processes happen on similar time scales.

Table IV shows that the estimated maximum concentration of ethanol on adsorbent surfaces is
1.86E-5 g / cm”. This value is smaller than the value of 8.4x10” g / cm’ estimated for the water
experiment. The rate coefficient for the absorption of ethanol on system surfaces is
1.37x10™" hr " which is approximately an order of magnitude less than for the water system. The
decrease in both of these quantities may be a result of the difference between water and ethanol’s
attraction to the cell surfaces.

In each of the experiments, multiple droplets were added to the chamber. The above analysis has
been limited to the initial drop because the initial concentrations for the first drop are known
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fairly accurately. When adding an additional drop, the cell is opened and it is no longer possible
to explicitly track the movement of vapor components within the system. However, if one is
willing to make some assumptions regarding the percentage components leaving the cell during
replenishment, it is possible to estimate system parameters by analyzing the entire series of
drops.

For the analysis of the sequential drops, the initial conditions/concentrations in Eq. (62) and the
corresponding initial conditions for the surface concentrations and the getter region must be
modified. As a first estimate, we set the initial concentrations to some fraction of the steady state
value obtained during the previous drop. For example, the concentration and size of the fluid
drop must now incorporate the 10 microliter drop that is added, plus any residual fluid remaining
from previous drops. Therefore, when analyzing the k™ drop, the initial condition can now be
written as:

(D) D)
k (k=1)

t=0 P =pkm.' TP s (71)

where p(k'”,,_;.s is the steady state value obtained in the previous drop (k-1):. Similarly, the initial

condition for the foil region can be written as a percentage of the previous drops steady state:

(F) (F)

F=0 AT 2)

Performing the same least squares analysis as before, but using the experimental data from all
available drops and the new initial conditions, we can again estimate the desired system

parameters. In the analysis, a value of 0.5 was used for A;m, which implies that once the cell is

opened, approximately half of the contaminant adsorbed onto the system walls is desorbed. The
results are shown for the water experiments in Figure 42 and for the ethanol experiments in
Figure 43. The determined parameters are tabulated in Table IV where they can be compared to
the values obtained from the analysis of a single drop.
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Figure 42: Observed and predicted vapor phase concentration in calibration step
using five drops of H>O

74



Mass Concentration in Vapor Phase [p} ] (g/ cm® )

i i i
40 60 80 100 120
Time ( hours )

Figure 43: Observed and predicted vapor phase concentration in calibration step
using two drops of EtOH

Figure 42 shows the results for the water drop control experiment. Here, five drops were added
over the course of the experiment. A single set of parameters was estimated to describe all five
data sets. Trends in the predicted responses are much easier to identify than in the experimental
data itself. The lowest line describes the predictions of the initial drop. Each additional line
represents another drop. The scatter in the data itself makes it difficult to assess the results other
than to say that the predicted values do a good job of bounding the experimentally observed
values. The initial evaporation effects seen in the later drops between one and two hours are not
observed in the predicted values. It is believed this is due to our inability to specify accurate
initial conditions for all the drops after the first. This being said, the agreement between the rate
constants inferred from one drop and five drops is remarkably good. The estimated rate
coefficient for the evaporation effects is determined to be 1.182 hr'' compared to the value of
1.56 hr' obtained in the single drop case. Additionally, the estimated parameters for the
adsorption coefficient and maximum adsorption capacity concentration are even closer.

The results for the ethanol drop experiments are easier to evaluate. Figure 43 shows that both of
the drops in the EtOH experiments are predicted well. As noted before, the initial evaporation of
the EtOH drop is not captured by the experiment and so the inferred value of the evaporation
coefficient is expected to be unreliable but inconsequential. Moreover, the value obtained for the
adsorption rate coefficient and the maximum capacity of the cell walls and foil are very
consistent with the results obtained from the analysis of the single drop (See Table 1V).

75



Having estimated the relevant system parameters in the control experiments, we are now in a
position to describe a new experimental system that additionally includes getter material. The
effects of evaporation and absorption that are present in the control experiments can be
accounted for in the remaining experiments so that the response of the getter can be isolated and
analyzed separately.

To this end, we now analyze a second set of experiments where a known amount of getter
material was included within the vessel in addition to the foil and contaminant drop. An
additional equation is required to describe the uptake of the contaminant by the getter. This
expression is similar to the one used to describe the adsorption of contaminant by the system
surfaces/foil (Eq. (63)):

(G

(G)
ap, — ;61— P, (A

A (G) *
ot

(73)

max A
A

For simplicity, it is assumed that the getter is initially free of any contaminant. Equation (73) is
written in terms of p;m“"”‘, the total capacity of contaminant that the getter is capable of holding

at a specified loading. This quantity, which varies with the contaminant concentration in the
adjacent region, must be determined by experimental analysis. In the current model, we represent

(G)

. . vy, . s’y . .
p, " as a linear function of o in a manner similar to the solubility function used to describe
the maximum or equilibrium concentration in the polymer material

p“”max _ Ap:” +B. (74)

A

While more complicated forms may be used, the linear approach appears reasonable. The
additional parameters, A and B, will be estimated in the least squares analysis.

As in the previous analysis, we use an overall mass balance to reduce the number of differential
equations that must be solved simultaneously. This balance is expressed as:

(D)
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which is reduced to the following form when using the specified initial conditions:

(V) __ ol D) _

Py =pPa

(D)

Pa

(F)

=Py =P (76)

Substituting this expression back into the reaction equations yields:
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Using the system parameters determined in the analysis of the control experiment (Table IV), Eq.
(77) — Eq. (79) are solved simultaneously to obtain concentrations in the drop, getter, and foil
regions. Equation (76) is used to predict the gas phase vapor concentration, o\ . These
predictions are then used in a least squares analysis to estimate values of pf)‘m" and £\ using an
objective function similar to the one in Eq. (70):

& (®) max X
-l o7 i)

This analysis is now applied to the experimental data obtained in Section 3.5. Here, getter
material is included within the cell/vessel. The results, using only the first drop for both water

and ethanol experiments are shown in Figure 44 and Figure 45. The estimated parameters are
reported in Table V.
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Figure 44: Observed and predicted vapor phase concentration with getter
using one drop of H,O
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Figure 45: Observed and predicted vapor phase concentration with getter
using one drop of EtOH
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) kf) p:'” max

Experiment hr ! o/ o’
H,O (1 drop) 45 1.9257E-4
H,0 (4 drops ) 20 1.9258E-4
EtOH (1 drop) 0.244 2.7985E-4
EtOH ( 4 drops) 0.199 6.0769E-4

Table V: Estimated getter rate (k. ') and getter capacity ( p_:m“"”‘) for PMA getter.

As in the previous control experiments, several drops of contaminant were added to the cell over
the course of the experiment. Similar to the above analysis, the time scale was re-initialized for
each drop so they could be analyzed separately. Between drops, the entire cell is opened to the
atmosphere, changing the boundary conditions in the manner explained previously. As in Eq.
(72), the initial condition in the getter region is specified in terms of the steady state value
reached in the previous drop:

=0 pt =pt (81)

Here it is assumed that the initial concentration in the getter region for the k™ drop is the steady
state concentration reached in the previous drop. This condition seems reasonable since
contaminant held within the getter material is irreversibly reacted rather than being reversibly
adsorbed. The results are shown graphically in Figure 46 for the sequential drops of water and in
Figure 47 for the sequential drops of EtOH. Overall, the relationship between the experimentally
observed quantities and those predicted by the model are quite satisfactory given the simplicity
of the developed model.
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5. Project Summary and Future Work

In anticipation of future microsystem packaging concerns, we have explored several potential
getters that could be used to ensure an ultra-clean environment. These getters rely on a new
approach by taking advantage of strong covalent chemical bonds. To help guide experiments and
predict system performance, numerical transport models were also developed.

Absorption based getters for non-reactive volatiles were evaluated by solid phase micro-
extraction (SPME). Polydimethylsiloxane and a high surface area carbon in
polydimethylsiloxane coatings on the SPME fibers were used to evaluate a particular carbon as
an absorption based getter for the model compounds hexamethyl disiloxane (HMDS),
perfluorohexane (PFH), ethylbenzene (EB) and 1,1,1-trichloroethane (TCE). The carbon-loaded
fiber showed continued desorption of ethylbenzene as the injection port temperature was raised
to 250°C, indicating a higher affinity or thermal stability for the carbon-ethylbenzene
association. The temperatures required to desorb the ethylbenzene is a positive sign that this
carbon, and possibly others, will hold on to hydrocarbons fairly well as part of a getter system.

One poly isocyanate based polymer 1 and two anhydride based polymers, poly (maleic
anhydride-alt-1-octadecane) (PMA) 2 and poly (ethylene-alt-maleic anhydride) (PEMA) 3 were
evaluated as moisture and alcohol getters. Each of these getters functioned as predicted by
chemically reacting out volatile species in sealed environments with varying efficiencies. PEMA
3 performed best as a getter material for two reasons: 1) PEMA 3 did not require a catalyst to
activate the polymer for reaction with water as was observed for both 1 and 2, and 2) PEMA 3
inherently possessed the best theoretical gettering capacity with calculated values of 14.3, 36.5,
and 47.6% weight change for reaction with water, ethanol, and iso-propanol, respectively.
PEMA 3 was proven to be an excellent getter for water and ethanol as shown by weight change
values upon exposure to these species. For both water and ethanol, PEMA 3 reached its
theoretical conversion capacity after 1 and 2 months, respectively, under saturated exposure
conditions. Although PEMA 3 reaction with iso-propanol occurred at a much slower rate,
gettering occurred steadily upon exposure. IR spectroscopy was used to evaluate the extent of
reaction for each of the getter materials with water, ethanol and iso-propanol under saturated
conditions. The technique was ideal for monitoring characteristic functional group changes over
time.

Infrared spectroscopy was used to test PEMA, 5A molecular sieves, Ricon, PEMA in Ricon, 5A
molecular sieves in Ricon, GA2000, and Hicap for their ability to remove a limited supply of gas
phase water or ethanol from a closed reaction cell. Deuterated isotopes of water and ethanol were
used to eliminate common interferences in the IR spectra allowing for accurate measurement of
their gas phase concentration. The commercial getters GA2000 and Hicap worked well at
removing water, but are not rated for other contaminates such as alcohols. PEMA 3 and 5A
molecular sieves also proved effective at removing water and, at a slower rate, ethanol.

Each getter absorbed the contaminants at a rate that decreased as the getter was loaded up. Since
the liquid drop provided a constant source of contaminant, the amounts of gas phase
contaminates were seen to increase although the getter was still functioning. Over time, the
contaminate levels are expected come down. Additionally, mixing the PEMA or 5A molecular
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sieves with Ricon (polybutadiene) slowed the absorption of water and ethanol. Such an effect is
beneficial in that it allows more time to apply the getter to a specific microsystem before it can
be substantially filled with residual contaminants present during packaging. Future tests should
examine the getters performance at removing the actual contaminants that are expected in a
particular microsystem, as well as the effect of combining PEMA for irreversible gettering and
5A molecular sieves to absorb non-reactive compounds into a single getter.

In the modeling portion of this work we have developed and applied one- and two-dimensional
numerical models of contaminant species transport within a representative microsystem package
consisting of an open gas-filled volume adjacent to a polymer layer containing embedded
particles of microporous gettering material. The one-dimensional model assumes a homogeneous
distribution of gettering material within the polymer/getter slab, as appropriate when getter
particles are much smaller than the slab thickness. The complementary two-dimensional model
features explicit representation of the individual getter particles, as necessary when the particle
size is comparable to the layer thickness.

The one-dimensional results clearly illustrate that contaminant transport within the vapor phase
is extremely rapid compared to that within the polymer/getter layer, such that the contaminant
concentration is always nearly uniform within the gas volume. Thus, getter placement within the
microsystem only becomes important when some regions of the vapor volume are poorly
connected to the primary gas volume. Nevertheless, it is recommended that the getter material
be collocated with the entry point of a contaminant leak path or adjacent to those items that
require greatest protection if possible.

Gettering rates are generally controlled either by the reaction kinetics of the bare getter material
or by diffusion through the polymer binder. Diffusion within the getter particles is not a rate
limiting process because the diffusivity within the particles greatly exceeded that of the
surrounding polymer binder. The relative rates of reaction and polymer diffusion are
characterized by the dimensionless parameter, N, defined in Eq. (34). When a Ricon polymer
binder is used in a water gettering system, the parameter N takes a value of about 267, indicating
that the reaction rate is much faster than the polymer diffusion rate. In this instance diffusion is
clearly the rate limiting process. However, in getting of ethanol, we estimate N = 0.3 which
implies that both the reaction rate and diffusion play an important part in system dynamics.
Several example calculations were presented to illustrate the influence of the parameter N on
gettering performance.

A two-dimensional mathematical model was also developed and used to study the effects of
differing diffusivities and differing volume fractions of the getter and polymer phases. To first
order, it was found that the overall time required for loading of the getter to full capacity was
nearly the same for getter particle volume fractions of 20% and 40%. Apparently the doubling of
getter capacity was offset by the increased transport through the getter phase that has diffusivity
far greater than that of the polymer binder. However, it is not expected that this invariance of
loading time will hold when the imbalance between volume fractions of the two phases becomes
more extreme.
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Application of the developed models to specific microsystems and getter materials requires
characterization of the transport and reactive properties of the system. Computational
methodologies for deducing these properties from experimental data were developed and tested.
In Section 4.4.1, a technique for determining the diffusion coefficient of a particular contaminant
through a polymer material was developed and used to obtain diffusion coefficients for ethanol
and water through the polymer binder material, Ricon. In Section 4.4.2, a methodology for
quantitative analysis of getter reactive properties was developed and used to estimate reactive
parameters for PEMA, the particular getter of interest. This methodology utilized least squares
fitting of predicted values to measured data, taking into account the evaporation rate of test
droplets, and adsorption on experimental hardware surfaces, as well as the targeted process of
reaction and adsorption on bare getter surfaces.

While much was accomplished in the areas of model development, experimental data analysis,
and parameter estimation, these activities also serve as the foundation for future expansion of
databases and future studies of system design and performance. A wealth of information remains
to be extracted from many of the experiments described in Section 3. In addition, the developed
models can play an important role in evaluating the sensitivity of current microsystem packages
to various design parameters and storage conditions as well as aiding in the design and
optimization of new systems.

Model calculations can provide guidance in optimal placement of the getter material, particularly
in complex packages having partially isolated regions and multiple ingress passages. In addition,
numerical analysis can be used to design new systems having tailored gettering kinetics - perhaps
controlled by the choice and thickness of low diffusivity polymer binder layer. Using the
models, unique gettering strategies can also be analyzed without the need for costly laboratory
experiments. For example, a system having multiple layers of getter material and or polymer
matrix could be evaluated and the reactive and transport properties of the system tailored to yield
some desired objective. One such system might include a relatively fast and reversible getter and
a slower, but irreversible getter. One could imagine that this system would handle contaminant
bursts very well in that the fast reversible getter would quickly absorb the bulk of the
contaminant to protect the microsystem in the short term. Then, as the contaminant is desorbed
from the reversible getter, it would be adsorbed irreversibly into the other getter material. A large
number of potential layouts could be evaluated in a reasonable amount of time at a relatively low
cost.

The life-cycle performance of a specific system can also be simulated using the developed
models. Either the one or two-dimensional models can be implemented using alternative
boundary conditions to describe typical lifecycle events. The amount of getter loading suffered
during packaging would first be evaluated. The possible consequences of unintended isolated or
episodic events such as several short bursts of influx can be readily evaluated, as well as the
expected internal concentrations and dew point corresponding to a steady influx through a
partially sealed surface or the steady desorption of contaminant molecules from internal surfaces,
organics, or trapped vapor spaces within the package.

In any case, the developed analysis methodologies help form a framework for continued work
and analysis in designing and evaluating microsystems of the future.
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