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ARTICLE INFO ABSTRACT

Keywords:

The risk of corrosion poses a challenge to meet the stringent reliability requirements of microelectronic devices
that are used in harsh environments. Microelectronic devices are often encapsulated in polymer packaging
materials, which protect them from corrosion. These polymers are, however, not completely hermetic and thus
allow small amounts of ions and moisture to reach the device, which might cause corrosion of the microelec-
tronic circuitry. To improve and predict the reliability of the device, it is important to quantify the ion diffusivity
in these materials. Previously reported values for the ion diffusivity vary by multiple orders of magnitude for a
single class of material. Here, we investigate the causes for this discrepancy using three experimental methods: (i)
saltwater immersion, (ii) diffusion cell measurements, and (iii) transient electric current measurements. Several
materials, such as silicone, epoxy, and polyamide, were tested to cover the broad spectrum of polymers used by
the microelectronics industry. We found that the discrepancies are likely due to the strong dependence of the ion
diffusivity on both the moisture content within the polymers, as well as on the salt concentration and pH of the
solutes. Furthermore, we found that the very low ion diffusivity causes long measuring times, and thus a large
risk for errors from contamination, leakage, or minor defects in the samples.

Ion diffusion
Microelectronic packaging
Mold compound
TOF-SIMS

Diffusion cell

1. Introduction

Fueled by both the increasing outdoor usage (e.g. handheld devices,
and automotive applications), and the advancing technology (e.g. finer
interconnect pitch, and smaller feature sizes), the reliability re-
quirements for microelectronic products are becoming increasingly
challenging to meet. Here, ion transport through polymer materials is an
important topic, as it might cause failures such as corrosion of bond pads
and wires [1-7], malfunction of the electric circuit due to charge
accumulation on the die surface [8,9], or the growth of dendritic
structures between leads [10-12]. The source of ionic contaminants can
be intrinsic, e.g. residues of the synthesis of the material [13] or
extrinsic, such as the ‘cleaning flux’ used for soldering [14]. Depending
on the application and requirements, different polymers are used as a
barrier against ionic attacks [15]. Even though they are chosen to be a
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strong barrier, they cannot fully prevent water and ion transport.
Therefore, fundamental knowledge on both moisture and ion transport
through polymers is essential for the design of reliable microelectronics.

While abundant work has been reported on moisture uptake of
different packaging materials [16-19], literature on ion transport
measurements is scarcer. Additionally, reported ion diffusion co-
efficients can differ by orders of magnitude, as summarized for Epoxy
Mold Compound (EMC) in Table 1. Here the highest value is 1.2.10711
m?/s [20], whereas the lowest value is 3.2.107%! m?/s [21] at identical
temperature. Considering the characteristic diffusion timescale, L2/D,
where L is the length of the diffusion path and D the diffusion coefficient,
these values mean that the time for ions to cross 100 pm of material
equals <10 min in the first case and over 100,000 years in the latter case.
This large variation makes accurate reliability predictions based on ion
transport virtually impossible.
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In the current work, we analyze the cause for these variations and
reflect on the best way to measure ion diffusivity in microelectronics
packaging materials. For this we discuss three common methods: (i)
saltwater immersion, (ii) diffusion cell measurements, and (iii) time-of-
flight measurements upon electric field reversal. Using these methods,
we tested several materials. The first material is EMC, which is
commonly used as an encapsulant. Next, a thermo-set epoxy resin is used
that finds its application as ‘underfill’ to glue the bottom of the micro-
electronic package to the printed circuit board. Furthermore, silicone is
studied. Silicones are used for several purposes in microelectronic
packages, such as, die attach materials (i.e. glues), protection layers on
the die surface, or as sealants for Micro-Electro-Mechanical Systems
(MEMS) packaging. The silicones used in this work, however, are those
used for Light-Emitting Diode (LED) packages. Finally, polyamide in the
form of nylon will be investigated. This thermoplastic is used by system
integrators to form a module body in which microelectronics devices are
embedded. Furthermore, polyamides are used as scratch protection
layers on wafers, and as dielectric material in redistribution layers for
chip-scale packages.

The work is organized along the line of the three above-mentioned
experimental methods, followed by a discussion section, where we
combine the lessons learned from literature and our own research on
how certain factors (e.g. pH, moisture, ion content, and temperature)
influence the experiments.

2. Saltwater immersion

The principle of the saltwater immersion experiment is similar to the
commonly used moisture uptake measurements. Namely, samples are
immerged in a salt solution for a defined amount of time, after which the
amount of ion uptake is determined as explained below. The values in
Table 1 indicate that this method gives the lowest value for the diffu-
sivity. In the current work we re-analyze the results of the saltwater
immersion experiments reported in [27]. Here, the specimens were
made of a biphenyl-based EMC (Tg ~ 120 °C, 90 wt% filler), which was
molded onto Heatsink Very thin Quad-Flat No-leads (HVQFN) lead
frames. After molding, the EMC was manually removed from the lead
frames yielding 600 pm thick strips. These strips were cut into parts of
20 by 10 mm, which were immersed in demi-water for 96 h at 80 °C to
remove any ionic contamination. Subsequently two sets of five strips
were placed in separate beakers containing 200 ml demi-water at 30 °C
and 60 °C. After equilibrating the specimens for 24 h, NaCl was added to
obtain a 0.15 M solution. Specimens were taken out at different time
intervals and were dried to remove any redundant solution from the
surface. The specimens were then transferred into separate pressure
vessels to extract all ions from the EMC. The vessel consists of a Poly-
tetrafluoroethylene (PTFE) inner shell with a stainless-steel jacket con-
taining 20 ml ultra-pure water. The extracts were finally analyzed using
ion chromatography, and the amount of NaCl absorbed by the EMC was
determined.

The results for the saltwater immersion experiments are presented in
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Fig. 1A. The ion concentration inside the material increases with time,
showing a faster absorption at higher temperature. For the evaluation of
the diffusion coefficient it is necessary to know the final (saturation) ion
content, which remains ambiguous from the results of Fig. 1A. In ref.
[27] a saturation limit of tens of ppm (mg of absorbed NaCl per kg mold
compound) was assumed, which is of the same order of magnitude as the
total amount of ions in commercial EMC. Fitting the data to Fick's law of
diffusion using this saturation limit gives a diffusion coefficient in the
order of 1013 m?/s [27], which is of the same order of magnitude as the
diffusion coefficient for water in this material. However, when assuming
that the ions need to be hydrated within the EMC (as for Nylon [28]), the
maximum salt concentration might be estimated by the solubility of
NaCl in water. Taking the product of the absorbed water in the mold
compound (ref. [16]) and the solubility of NaCl in water yields a satu-
ration limit of 450 and 650 ppm at 30 °C and 60 °C, respectively. For
these values the salt sorption would still be in its initial stage, and is best
plotted on a square root of time scale as shown in Fig. 1A. The diffusion
coefficient follows from the slope of the fit, k, using D = n(k-L/4-msat)2,
where L is the thickness of the sample, and mg,; denotes the saturation
level. This results in a diffusion coefficient for both temperatures of
7.1071® m?/s, which is three orders of magnitude lower than assessed
previously, and agrees with the previously reported observation that the
diffusivity of ions is orders of magnitude lower than that of water in
mold compounds [2].

In ref. [27] only the ion sorption data was reported. Later, time-of-
flight secondary ion mass spectroscopy (TOF-SIMS) was used to
further analyze the ion penetration into the EMC. For the TOF-SIMS
analysis a sample was broken and the cleave analyzed. The measured
intensity of sodium is shown in the inset of Fig. 1B (high intensity ap-
pears brightest). An approximately 10 um thick layer of sodium is pre-
sent on the surface of the sample. Although the cleave surface appeared
smooth, a closer examination showed that it was quite rough, which
reduces the accuracy of the analysis. Therefore, a depth profile from the
surface of the sample is made, which is shown in the graph of Fig. 1B.
The x-axis is roughly calibrated using the Na map from the previous
analysis, whereas the y-axis is normalized to the highest intensity. The
highest intensity for the salt-soaked sample is about 90 times higher than
the (uniform) intensity of the non-immersed reference sample, which is
in line with the assumption of the 450 ppm saturation limit for the
immersion experiment. According to Fick's law, the normalized con-
centration scales with [29] erfc(x/(2~\/Dt)), where x is the distance
away from the source and t is the elapsed time. Fitting this relation to the
measured Na profile gives a diffusion coefficient of 5.10717 m?/s, which
is within an order of magnitude of the value determined from the data of
Fig. 1A. Given the approximate nature of both experiments, we believe
that this is a fair correlation.

Table 1

Literature values for the ion diffusion coefficient in epoxy mold compound at 85 °C.
D [m?%/s] Method EMC Remarks Ref.
~4.1071° Diffusion cell Several samples T = 115-166 °C  pH = 10, for neutral and low pH no diffusivity detected 2
~5.107%° TOF-SIMS 77-87 wt% filler Neutral solutions of NaCl at 0.15 M 2
3.210°% DSIMS Sumitomo 7351LS Immersion in 2 M NaCl solutions 21
3.10716-2.107'8 SIMS No info 85 % RH + drop of saturated NaCl on top of samples, 22
~4.10718 Diffusion cell No info 100 ppm and 1 M NaCl (temperature not reported) 22
1.2.107 1! Diffusion cell No info 1 M KCl solution, 3x higher value for pH = 11 and 3 20
6.41071° Diffusion cell No info ‘concentrated’ KCl solution, and 30 V electric bias 23
6.9-10°1° Diffusion cell No info ‘concentrated’ KCI solution, and 47.5 V/m electric field 24
6.9-10°1° Diffusion cell No info Experiments at 1 M KCl 25
~4.6-1071° Electrochemical Impedance Ty = 132 & 162 °C; 80-88 wt% Dry experiment at high temperature. Na* diffusion from amalgam 26

(extrapolated) Spectroscopy filler; electrode
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Fig. 1. Results of the immersion experiments of mold compound immerged in 0.15 M NaCl. (A) Absorbed ions as a function of time; the symbols indicate the
measured data, the error bars represent three times the standard deviation of all data points, the full lines are linear fits. (B) TOF-SIMS Na depth profile and cor-
responding fit to Fick's law. The inset gives the Na map of the sample's cross-section.

3. Diffusion cell
3.1. Experimental setup

The setup consists of a sample that is mounted between a donor and a
receptor cell (see Fig. 2). The donor cell contains the solvent and solute,
while the receptor cell contains only the solvent. Due to the concen-
tration difference, the solute diffuses through the sample into the re-
ceptor cell, where the solute concentration is measured [30,31]. This
diffusion process can be divided into two phases by assuming negligible
intrinsic ion contamination within the sample. In the first phase, the ions
permeate through the sample, so that no ions have reached the receptor
cell yet. The length of this phase is defined by the time lag parameter; tjqq
=1%/6D [31]. The second phase starts when the ions reach the receptor
cell. For ideal cells (where the solute concentration remains constant
and the concentration in the receptor cell is much less than the solute

concentration throughout the experiment), the flux through the sample
remains constant during this phase. The amount of ions Q in the receptor
cell is given by [31],

(t - t’ug)’

_ADG,

0 (€}
where A is the exposed sample area, C; is the concentration absorbed in
the surface of the sample on the donor side, L the sample thickness, t is
time, and D is the diffusion coefficient of the salt (not of the individual
ions). Based on charge neutrality the following relation can be found for
the diffusion coefficient of a binary electrolyte [32],

_ DcDu(ZL' - Za)

D=
Zch - ZaDa

(2)

where z is the valence of the ions, and subscript ¢ and a denote the
positive cations, and negative anions, respectively.

¢ Moisture evaporation from the cells was prevented by
using screw caps instead of press-on lids.

e Samples were thoroughly checked on micro-voids that
can pass ions directly.

o The glass cells were glued to the sample to prevent salt
from creeping along the gaskets from the donor to
receptor cell directly. Silicone glue was used for
elevated temperatures, whereas bees wax turned out
as the best solution at room temperature.

¢ All sealing materials were checked for ion impurities,
preventing ion contamination during the experiment.

e To release the pressure in the cells that builds up at
elevated temperature the screw caps were loosened

during each temperature change.

Fig. 2. The photo shows the diffusion cell, where ions from the donor cell diffuse through the sample and reach the receptor cell. The text box shows measures that

were taken to achieve a robust method.
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As we expect slow transport, and thus low solute concentrations, a
small volume of the receptor cell is needed to reach the detection limit in
areasonable amount of time, while a sufficiently large volume is needed
for analysis of the solute concentration. For our experiment we chose
cells with a receptor volume of V = 7 ml. A photo of the diffusion cell is
shown in Fig. 2. At the end of the sampling interval, the whole receptor
volume was emptied and filled with fresh ultrapure water. The sampling
intervals need to be long enough to reach a concentration above the
detection limit Cjy,. The minimum diffusion coefficient that can be
measured with a sampling interval t; follows from eq. (1). In steady state,
the first term of the equation applies. With the relation Q = CV, we get

Dyin = ————
A Cyt,

3

In this work, the concentration of potassium and chloride ions was
measured by ion chromatography (using the ICS-90 Dionex chromato-
graph with a DS5 electrochemical detector). With a 100 pl injection
loop, we obtain a detection limit of 5-10~8 M for potassium ions, which
gives a Dy in the order of 1071 m?/s for realistic values of .

We have performed measurements on (i) two optical silicones with
glass transition temperatures of 30 and 50 °C (same materials as in ref.
[33]), and sample thickness of 120 and 150 pm, respectively, (ii) an
unfilled epoxy (Tg = 115 °C) produced from epoxy Novolac compound
EPN1180 with Bisphenol A as hardener and triphenylphosphine as
catalyst (same as in ref. [34]), and a sample thickness of 390 pm, and
(iii) polyamide-6 with a ~22 % degree of crystallinity, a melting point of
220 °C (as in ref. [28,35]), and a sample thickness of 60 pm. The whole
setup was placed in an oven to determine the diffusion coefficient at
elevated temperatures up to 90 °C. The measures that were taken to
achieve a stable and robust method are listed in the text box of Fig. 2. All
samples were measured using a 1 M KCl solution in the donor cell.

3.2. Validation of the diffusion cell

To validate the diffusion cell, we additionally measured Mn%*
transport through the nylon samples using a 1 M MnCl,; solution at room
temperature and compared it with the NMR (nuclear magnetic reso-
nance) results of ref. [28]. To stabilize the MnCl, solution, HCl was
added to prevent Mn?" to react with COy, which resulted in a pH of ~3
in the donor cell. The Mn?* concentration was determined using UV-VIS
spectroscopy. The Mn?* ions were oxidized to MnOj by adding KIO4
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was as the reagent, and acid was used to stabilize the manganese in the
right oxidation state [36,37]. MnO4 has an absorption peak at a wave-
length of 535 nm. A fit of the accumulated amount of Mn?" in the re-
ceptor cell as a function of time to Eq. (1) is given in Fig. 3A. The fit is
very sensitive to the concentration of MnCl, absorbed in the surface of
the sample, Cy. Theoretically it is possible to obtain the diffusion coef-
ficient without knowing Cp from the lag time by determining the
intercept for Q = 0. However, the intercept could not be accurately
determined. Therefore, we used the data published in ref. [28], where
for 1 M MnCl; it was found that Cy equals ~60 mM. Consequently, the
diffusion coefficient for MnCl, equals 2.6-1071* m?/s, which compares
favorably with the reported value of 3.10"'* m?/s in ref. [28].

3.3. Dependence of diffusion speed on permeant size

When comparing the concentrations of the Mn?* and Cl~ ions, we
found the measured Cl~ concentration to be up to 9 times the Mn?*
concentration. Based on charge neutrality however, the chloride con-
centration is expected to be two times higher than the Mn** concen-
tration. At the same time, the pH in the receiving cell was lowered to
below neutral. This suggest that the additional chloride in the receptor
cell is the result of HCI diffusion. The surplus of chloride passing through
the sample (i.e. the measured amount of chloride minus two times the
measured manganese amount) is plotted in Fig. 3(A). The rate of
refreshing the MnCl, solution was chosen to ensure a constant Mn?*
concentration, but this was too low to ensure a constant HCl concen-
tration in the donor cell. Each third data point (just prior to refreshing
the MnCly solution), the ClI™ accumulation in the receiving cell was
found to be significantly lower than in the preceding two time intervals.
Therefore, these data points are discarded. The resulting data are well
described using a diffusion coefficient of 1.35-107'% m?/s. For this
evaluation we estimate Co to be 45 mol/m?, which is the average of the
values for Mn?t [28] and K* [35].

In case of KClI diffusion through nylon, the measured chloride con-
centrations were identical to the potassium concentrations for all mea-
surements. Here the absorbed K* concentration was assumed to be 30
mol/m? [35], which gives a fitted diffusion coefficient of 11072 m?/s
for KCl, which is higher than the value found for MnCl,. To determine
the effect of the permeant size, we compute the diffusion coefficients of
the individual ions. Since the hydrated radii of K" and Cl~ are near
identical [38], we assume that Dx = D¢j. = Dkcl. Consequently, we use

N_D=6-10""3 exp(-11.6v)

Diffusion coefficient (m?%/s)
3

10_14 T T T T T
0.056 0.1 0.15 0.2 0.25 0.3 0.35

Hydrated volume (nm?3)

Fig. 3. Results for the diffusion cell measurement on Nylon 6 at room temperature. (A) Accumulated amount of ions which permeated through the film at either 1 M
KCl or 1 M MnCl, in the donor cell. (B) The estimated diffusion coefficients plotted as a function of the hydrated ion volume (v).
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Eq. (2) to compute the diffusion coefficients for H* and Mn?" from the
diffusion coefficient of their ion pairs, i.e., HCl = 1.35:107'% m?/s and
MnCl, = 2.6-10~* m?/s, respectively. This yields Dy = 2.1-10713 m?/s
and Dy, =1-1 0~ m?/s. The values for the individual ions are plotted in
Fig. 3B as a function of the hydrated ion volume. The solid line repre-
sents a fit given by D = 1.107'% exp(—11.6v), with v the hydrated ion
volume in nm3, which indicates an exponential relation between the
diffusion coefficient and the size of the permeant [39].

3.4. Diffusion cell measurements in epoxy and optical silicones

For the epoxy and optical silicones no ions passed through the
samples to the receptor cell after 32 and 114 days, respectively, which is
in line with ref. [2]. Even at elevated temperatures up to 90 °C no ions
passed though the samples. Therefore, the values for epoxy and silicone
are estimated using Eq. (3). The actual values, however, might be orders
of magnitude lower. The values of the experiments are listed in Table 2.

4. Time-of-flight upon electric field reversal

Ion transport driven by an electric field can reduce the measuring
times significantly compared to concentration driven approaches. The
applied electric field lowers the barrier height for diffusive jumps be-
tween adjacent sites in one direction, and at the same time increases the
barrier height for jumps in the opposite direction, thus increasing ionic
conduction through the material [40]. However, applying a constant
electric field and recording the corresponding electric current might
result in unstable readings for the conductivity due to charging of the
system, which causes transient electric currents [41]. Furthermore, it
will be unclear if the current is partly carried by electrons as well. If only
ions carry the current, then the conductivity of a material is given by
[32],

F2
0= 4 CiDp ©)

where F is the Faraday constant, R is the gas constant, T is the temper-
ature, and C; denotes the concentration of ionic species i and z; is the
corresponding valence. When determining the diffusion coefficient
using this approach, it is necessary to know the ion content in the ma-
terial [42].

The necessity for knowing the ion content in the material can be
circumvented by measuring the time-of-flight of the ions upon reversal
of the electric field [43,44]. Kohn et al. [45] demonstrated this tech-
nique on 20-70 pm thick layers of poly(methylmethacrylate) where
lithiumtriflate salt was added. In the current work we use an underfill
material, with a glass transition temperature of ~120 °C, and ~85 ppm
intrinsic chloride concentration. The underfill was cured in a silicone
mold at conditions as specified by the supplier. The lateral dimensions of
the specimen are 60 x 40 mm, with a thickness of ~600 pm. Two ad-
hesive aluminum foil electrodes were used to cover the surface almost
completely. The electric current was recorded at 100 Volt potential
difference using a Keithley 617 electrometer. The samples were placed
in an oven to control the temperature and to provide electromagnetic
shielding.
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A typical measurement cycle is given in Fig. 4A. In the first part of the
cycle, the current rapidly decays as the bulk of the material will become
depleted of ions until a steady-state current is reached, which is believed
to be dominated by electrons hopping through the polymer matrix. Once
the bulk is sufficiently depleted, the potential is reversed, and the ions
flow back into the bulk, which will lead to an increase in conductivity.
This increase continues until the ions reach the opposite electrode,
leading to a peak in measured current at the transit time, after which the
depletion starts again. From the transit time t, the ion diffusion coef-
ficient is computed using [43-46],

_RT I?
T F 2,AV

)

where L is the sample thickness and AV the applied potential difference
between the electrodes.

As the temperature decreases, the transit time becomes less visible
until it becomes indistinctive at temperatures below 90 °C. In Fig. 4B the
computed diffusion coefficient is plotted as a function of temperature. It
follows an Arrhenius behavior with and activation energy of 69.4 kJ/
mol (=0.72 eV). For EMC the transit time could not be observed, not
even for temperatures well above glass transition. We believe this is the
result of the electric current being dominated by electron hopping [2].

5. Discussion
5.1. Effect of pH

A pH dependency in the ion diffusion coefficients in EMCs was re-
ported in the literature, with significantly faster diffusion at both high
and low pH compared to the neutral solutions (see Table 1). Lantz et al.
[2] suggest that the epoxy might hydrolyze in basic environments and
even observed a discoloration in their sample. A change in ion diffusivity
accompanying a change in pH can in some polymers be due to ionization
of the functional groups in the polymer (e.g. carboxyl and amino groups
are known for this effect [47] but are not expected in EMCs).

In this work we found that protons (H") might replace the larger
Mn?* cation as counter ions, enhancing the transport of Cl~ in our
diffusion cell measurements on polyamide, as we observed that the
diffusion speed of the ions was dependent on their hydrated radius (see
Fig. 3). In the light of reports on the release of H3O™ in the hydrolyzation
of non-cured parts of the EMC upon exposure to moisture [48,49], this
result is also relevant for EMCs.

5.2. Effect of moisture

Moisture sensitivity is one of the likely reasons why the reported
values for the ion diffusivity vary significantly. Cornigli et al. [50]
studied the space charge distribution in EMC by pulsed electro acoustic
analysis and observed an accumulation of negative charge at the anode
in wet EMC, but not in dry EMC, which indicates increased ion transport
in wet EMC.

Ion diffusion studies in polyamide [28]. showed that water mole-
cules facilitate the absorption and transport of ions into the polymer by
plasticizing the polymer matrix and participating in the ion's hydration

Table 2
Measured diffusion cell results for different materials.
Material Thickness Remark D [10’” m?/
[pm] s]
Epoxy 390 1 M KCl solution, No ions detected in 32 days, sampling interval 3-4 days, temperature ranged from 40 to 90 °C during <0.9
(unfilled) experiment
Silicone 120 & 150 1 M KCl solution, No ions detected after 114 days, 10-14 days sample interval, temperature range 40-90 °C <0.025
Nylon 60 1 M MnCl, (pH = 3), room temperature, up to 9x higher Cl~ concentration found 2.6 £0.2

1 M KCl solution at room temperature Dy, =Dc. for all measurements 10
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Fig. 4. Results for the time-of-flight experiments. (A) Example of the recorded electric. (B) The computed diffusion coefficient as a function of temperature, the

dashed line gives an Arrhenius fit.

shell. The absorption of water from solution was shown to precede the
ion absorption and transport through the polymer. It is thus expected to
see faster ion transport in samples that were pre-soaked than in samples
which first have to absorb moisture. For comparison of experimental
results, it is therefore necessary to report the preconditioning procedure
of the samples.

5.3. Salt concentration of the solute

An example of a salt concentration effect is the data reported by
Lantz and co-workers [2,21]. The immersions measurement with 0.15 M
NaCl solution gave two orders of magnitude higher diffusion coefficients
than the measurement with a 2 M solution, which might be explained by
the water activity of the solution. The water activity in a 0.15 M NaCl
solution is >0.99, while it is ~0.93 for a 2 M solution [51]. This dif-
ference leads to a higher moisture content in the sample for the lower
NaCl concentration and may explain the higher diffusivity found. For
both immersion and diffusion cell experiments, moisture concentrations
can be tuned by changing the salt concentration in solution. Addition-
ally, it was demonstrated in Nylon that water from concentrated solu-
tions enters the polymer much slower than water from diluted solutions
[35]. This effect might also play a role in other polymers.

5.4. Glass transition

The time-of-flight measurements show that above glass transition,
the temperature dependence of the ion diffusion coefficient is given by
the Arrhenius relation. The distinct peak of the transit time, however,
vanished rapidly for temperatures below glass transition, which seems
appropriate as above glass transition the segmental motion leads to an
increase of free volume, facilitating ion transport [40]. It is reasonable
that well below glass transition the diffusion coefficient does not longer
follow the Arrhenius fit of Fig. 4, as e.g. suggested by the conductivity
data in ref. [40,42].

6. Conclusions

The presented experimental methods, as well as the discrepancies in
literature values, show that measuring the ion diffusivity in microelec-
tronic packaging materials is complex. The measurements are strongly
influenced by factors such as the moisture content, ion concentration,
pH, electric bias, and temperature. Furthermore, the diffusion

coefficient for most polymer materials are very low, and thus require
prolonged experiments. In this work we have shown that diffusion cell
experiments might not even provide results due to the slow transport.
The experimental time can be drastically reduced by using very thin
samples (e.g. <50 pm), but fabricating such thin samples is often not
possible due the size of the filler particles. Moreover, there are many
factors which can cause errors in a diffusion cell experiment. This might
be a reason for the high literature values for the diffusion coefficients of
ions in epoxy mold compounds obtained using diffusion cells, which do
not match values obtained with other techniques. Experimental times
can also be significantly reduced by using the method of time-of-flight
upon electric field reversal. However, these experiments only gave re-
sults for temperatures above glass transition, and only appear to work
for materials where the ionic conduction is large compared to the
electron conduction. Presumably the best method for measuring ion
transport in packaging materials is a soaking experiment combined with
a TOF-SIMS analysis. Here measuring times are significantly shorter
than for the diffusion cell experiment as ions do not need to travel
through the entire thickness of the sample.

In future work, saltwater immersion experiments using low-
concentrated ion solutions combined with TOF-SIMS analysis can be a
starting point in characterizing ion transport in a worst-case scenario of
a wet packaging material. This method might also be used to further
characterize the effect of pH on Cl~ diffusivity. As ion diffusion is highly
dependent on moisture content, further methods allowing for a humidity
control of the material during experiments (not relying on altering the
salt concentration) need to be investigated to gain a realistic perspective
on the ion diffusion speed in a final product.
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