Moisture Ingress, Behavior,
and Prediction Inside
Semiconductor Packaging:
A Review

Reliability issues associated with moisture have become increasingly important as
advanced electronic devices are nowhere more evident than in portable electronic prod-
ucts. The transition to the Pb-free solders, which require higher reflow temperature,
makes the problem further exacerbated. Moisture absorbed into semiconductor packages
can initiate many failure mechanisms, in particular interfacial delamination, degradation
of adhesion strength, etc. The absorbed moisture can also result in catastrophic crack
propagation during reflow process, the well-known phenomenon called popcorning. High
vapor pressure inside pre-existing voids at material interfaces is known to be a dominant
driving force of this phenomenon. This paper reviews various existing mechanisms of
water accumulation inside voids. The procedures to obtain the critical hygroscopic prop-
erties are described. Advanced numerical modeling schemes to analyze the moisture dif-
fusion phenomenon are followed with selected examples. [DOI: 10.1115/1.4035598]
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1 Introduction

Due to its amorphous nature and topographical imperfection,
polymeric materials always contain a large number of molecular
scale voids inside them. This “free volume” is classically known
to take 2.5% of the whole volume. Water and gas transport
through those tiny free volume units present across polymer chain
networks.

Nonpolar gases, such as O,, N, CO,, etc., penetrate through
polymers by “jumping” from one void to another without causing
considerable change of polymer structures. Polar water molecules,
however, tend to form hydrogen bonding with polar groups in
polymer chains (hydroxyl, amide, etc.) during diffusion through
polymers. It results in structural, physical, and sometimes chemi-
cal changes in polymer structures such, as hydrolysis and hygro-
scopic swelling.

Semiconductor and micro-electromechanical systems (MEMS)
packages have unique engineering structures. Various polymeric
and inorganic materials are densely packed in millimeter to
micrometer-scale configurations. Polymers such as molding com-
pound, die attach, underfill, solder resist, etc., absorb moisture.

Water can reside inside polymer in three different states [1].
The first state is nonfreezing water; i.e., bound water that does not
exhibit detectable phase transition that bulk water does. Absorbed
water through hydrogen bonding in a diffusive way belongs to
this state. The second state is free water, which has characteristics
similar to bulk water. This state of water flows viscously inside
polymer. The last state is freezable bound water; i.e., bound water
whose phase transition temperatures are shifted due to interactions
with polymer chains and/or capillary effects. Adsorbed water on
void surfaces belongs to this state.

As shown in Ref. [1], a portion of water that initially migrates
into a polymer becomes nonfreezing water (hydrogen bonding).
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After saturation, freezable bound water increases (adsorbed water
portion). Then, free water starts to increase, if any. Most poly-
meric materials used in electronic packaging, however, are nonpo-
rous, and thus, this increase seldom occurs. The dominant water
in electronic packaging materials is hydrogen-bonded water (non-
freezing bound) absorbed through bulk diffusion.

The absorbed moisture affects reliability in various ways. Accu-
mulated moisture at bonded interfaces degrades the adhesion
strength due to aging [2,3]. The absorbed moisture, unless prop-
erly removed by a baking process, generates internal high vapor
pressure during solder reflow [4,5].

Polymers swell with the absorbed moisture [6,7]. Inorganic
materials, such as silicon, copper, aluminum, etc., are impervious
to moisture, and thus the volume does not change under the pres-
ence of moisture. This mismatch in hygroscopic swelling between
the two material groups produces deformations, which are similar
to the deformations induced by the mismatch of thermal expan-
sion [7,8]. Various interconnect failures through popcorning and
delamination are attributed to the combined effects; e.g., popcorn
cracking in a plastic ball grid array (PBGA) package [9] and inter-
connection failure caused by hygroscopic swelling and adhesion
degradation [10]. Many articles that address moisture-related fail-
ures are available in the literature [11-13] (numerous other
articles are omitted due to space limitation).

Moisture diffusion in polymers had been a classical research
topic [14]. The demand for modeling moisture-related phenomena
in complex structures was more recently realized as moisture-
related issues became critical to electronic package development
[15]. This paper reviews various existing mechanisms of water
accumulation inside voids. The procedures to obtain critical
hygroscopic properties are described. Advanced numerical model-
ing schemes to analyze the moisture diffusion phenomenon are
followed with selected examples.

2 Governing Equations

2.1 Moisture Diffusion. In general, diffusion of water mole-
cules (moisture) into polymer chain structures follows Fick’s
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laws. Mass flux in polymers is governed by Fick’s first law, which
is expressed as

J=-D-VC )

where J is the moisture mass flux (kg/m? s), D is the diffusivity
(m?/s), V is the gradient operator, and C is the moisture concen-
tration (kg/m3). The conservation of mass within an infinitesimal
volume yields Fick’s second law as

C=V-(DVC) 2)

The equilibrium between saturated moisture concentration and
ambient vapor pressure can be expressed as

Csa =S py 3)

where Cy, is the saturated moisture concentration, S is the solubil-
ity (s>/m?), and py 18 the ambient vapor pressure (Pa).

Equation (3) is based on the well-known Henry’s law. For this
reason, the solubility is often called as “Henry’s coefficient”
[16-18]. Henry’s law described the partial pressure of a source
solute in a gaseous state [19,20], and thus, the Henry’s coefficient
is valid only for solute-absorbent systems [19,20]. Equation (3) is
an extended form of Henry’s law to moisture—polymer systems,
which has been known to be valid. In order to avoid any theoreti-
cal confusion, only “solubility” will be used in this paper.

Both the diffusivity and solubility are known to follow the
Arrhenius relationship as

Ep Es

D = D, exp(—m> and § = Spexp (— RO_T) “4)

where D, (m?/s®) and Ep, (J/mol) are the constant and the activa-
tion energy of diffusivity, R, is the universal gas constant, S, and
Eg are the constant (s>/m?) and the activation energy (J/mol) of
solubility, and 7 is the temperature (K).

2.2 Analytical Solutions of Isothermal Diffusion Equation.
Analytical solutions of Fick’s second law are available for several
single (homogeneous) material with simple geometry. For the iso-
thermal one-dimensional (1D) problems illustrated in Fig. 1, the
diffusion equation is reduced to

e
Ox?

(%C . «))
t

In Fig. 1, the one side of a polymer specimen is exposed to an
ambient with an upstream vapor pressure (p,), while the other
side is impervious to moisture. It is also equivalent to a polymer
specimen with a thickness of 2L, both sides of which are exposed
to a humid ambient. The boundary and initial conditions are

6C((327 D 0, C(L.t) = C, = Spuy and C(x.0) = C; = Sp; (6
Pu
x T
P(x,o) =P L

1
0 T

Fig.1 Schematic illustration of 1D moisture diffusion

010802-2 / Vol. 139, MARCH 2017

where C,, is the concentration at the top surface (kg/m>), L is the
thickness of the substrate (m), and C; and p; are the initial concen-
tration and pressure, respectively. The closed-form analytical
solution is expressed as [21]

Clx, 1) =Cy— i%(—l)n cos %

n=1

X exp { - [(2”2%)”} th} @)

The moisture content inside the specimen is obtained by integrat-
ing the above solution as

me) 8 1 {(Zn— 1)n]2

where m is the moisture content (kg) and my, is the saturated
moisture content. The above solution can be easily extended to a
three-dimensional (3D) block specimen subjected to moisture
weight gain test, where all exterior surfaces of the block are
exposed to a humid ambient. The solution of a 3D block specimen
is given as [9]

m(t) S22 E 1
==
Mgy u — Z Z( )2(2}’)1 — 1)2(271 - 1)2
D
X exp (_L tz) )

where L2 ={[(2l— )n/LJ + [2m—1)n/L,])* +[(2n — 1)n/
Lz]z}f1 L,,L,, and L, are the length of the block in each direction.
Note that L, in the 1D case is equal to 2L. Equation (9) has been
widely used to determine the diffusivity of block-shape polymer
specimens inversely from experimentally measured moisture

weight gain data.

2.3 Consideration for Multimaterial Systems. The moisture
concentration is discontinuous at the interface between different
polymeric materials. The maximum amount of moisture that each
polymer can absorb is a material property, and thus, the concen-
tration at a bimaterial interface becomes discontinuous.

A physical illustration of interfacial conditions is provided in
Fig. 2, where x is any vector, that is, perpendicular to the interface

X
—
C.

int, 1

¢
Cing2

Mat2: D, and S,

Mat ]:Dl andSl

Fig. 2 Schematic illustration of moisture concentration at a
bimaterial interface
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Table1 Constants and Sl units

Term Symbol Unit
Mass concentration C kg/m’3
Solubility s s?m 2
Normalized concentration ¢ Pa
Vapor pressure at ambient P Pa
Saturated vapor pressure Dsat Pa
Saturated concentration sat kg/m73
Mass flux J kg/m 257!
Mass diffusivity D m?s!
Universal gas constant Ry Jmol 'K ™!

plane. The concentration at the interface is governed by the Nernst
distribution law as [22]

_ Cim,l _ S_l
Cinz S

(10)

where y is Nernst partition coefficient at a specific temperature
and Ciy,; and Ciy» are concentrations of two materials at the
interface. The corresponding mass continuity is given by

oC,
D —
" ox

0C,

=D,
> ox

X—

(1)

X+

A new term, ¢, in Fig. 2 is called “normalized concentration,”
which is defined to be C/S [16,17]. The normalized concentration
will be discussed in Sec. 4.

The units of the moisture-related properties are not intuitive.
Table 1 summarizes the constants and the corresponding SI units.
It is worth noting that the normalized concentration has the unit of
pressure. Although the unit is the same, the normalized concentra-
tion should not be confused with pressure.

3 Characterization of Hygroscopic Behavior

3.1 Diffusion Coefficient and Solubility. Two hygroscopic
properties—diffusivity and solubility—are required in order to
analyze moisture diffusion behavior quantitatively. They can be
measured using the moisture weight gain/loss tests [23]. Property
data for various packaging polymers are available in the literature
[6,7,9,10,24-32] (numerous other articles are omitted due to space
limitation). The majority of them were measured at low tempera-
tures below 100°C. A handful of property data at above 100°C
can be found in the literature [31,33]. More recently, an extensive
experimental study on high-temperature measurements was

0.4
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S
£
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(a) Time (hour®®)

conducted for more accurate modeling of moisture diffusion dur-
ing reflow process [34,35].

Figure 3 shows moisture weight gain data obtained from two
epoxy molding compounds (EMCs) at three different tempera-
tures [34]. After the specimens were dried at 160 °C, they were
subjected to a humid environment of 75%RH at three tempera-
tures. An environmental chamber (ESPEC SH-241) was used to
attain controlled humid environments. Moisture weight gain was
measured periodically by a high precision balance (PI-225D, Den-
ver Instrument, Bohemia, NY) until the measured weight of each
sample remained unchanged for an extended period of time.

The moisture weight gain and the saturated weight gain in %
wt. is defined as

wlt) — Wayaise

W (1) (in %wt.) = 100 x = and w (in %wt.)

sat
Wiry@160°C

Wsat — Wdry@160°C

=100 x (12)

Wdry@160°C

where w is the specimen weight gain (kg). The saturated weight
gain, Wy, is the maximum weight gain at the end of
measurement.

The corresponding (average) moisture concentration and satu-
rated concentration are given by

() = w%(z) Wdry@160°C and Cyy = WZ;t Wdry@160°C (13)

v, V,
where wqryaisooc and V), are the polymer specimen mass and vol-
ume. Then, the solubility is determined from Eq. (3).

A nonlinear regression analysis was conducted to determine the
diffusion coefficient at each temperature. The results from the
regression are also shown in Fig. 3.

Equation (4) can be rewritten as

14
. ROT()

InD = (InDy) — <E—D> ! and InS = (InSp) — (@) !
Ry) T

Fickian diffusion coefficients obtained from three temperature
data of Fig. 3 are plotted using Eq. (14). The results are shown in
Fig. 4, where the slope represents the activation energy, Ep/R,, of
each material. The Fickian diffusivities followed the Arrhenius
relationship well over the entire temperature range used in the
study (45-85°C). The constant and the activation energy of diffu-
sivity were determined from the plots and they are summarized in

Table 2.
The constant and the activation energy of solubility can be
determined in a similar way. The solubility can be determined

0.4
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Fig. 3 Weight gain histories of: (a) EMC A and (b) EMC B, obtained at three temperatures and
the humidity environment of 75%RH. Bullets and solid lines indicate the measurement data

and corresponding Fickian curves, respectively.
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Fig. 4 Diffusivity versus temperature

Table 2 Diffusivity constants determined from absorption data
[34]

Absorption EMC A EMC B
Do (mm?/s) 1.04 0.674
Ep (J/mol) 37,294 36,145
Doc 3.9 25
a (m*/kg) —0.28 —0.28
® EMCA
m EMCB
N 109- ..............
g
£
S
[0 ' 1
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Fig.5 Solubility versus temperature

from the saturated concentrations marked in Fig. 3. The values are
plotted in Fig. 5 using Eq. (14). The solubility also followed the
Arrhenius relationship well over the entire temperature range. The
constant and the activation energy of solubility were determined
from the plots and they are summarized in Table 3.

Wong et al. [31,33] first reported that the activation energy for
the solubility of the packaging materials ranges from —44,000 to
—46,000 J/mol. The results imply that there is no strong correla-
tion between the saturated concentration and the temperatures
below 100°C [18,31,33]. A similar trend was observed for both
specimens.

More evidence is shown in Fig. 6, where the solubility versus
temperature values obtained from four different materials are plot-
ted [18]. As mentioned earlier, the slope represents the activation

010802-4 / Vol. 139, MARCH 2017

Table 3 Solubility constants determined from experimental
data [34]

Below T, So (s>/mm?) Eg (J/mol)
EMC A 2.17x 107" —46,352
EMC B 2.54 x 107" —45,020
‘IO-‘1 M 1 N 1 M 1 M T
€ 10°4
£
R)
@ 10°4
&L
5 103 o Mat 1
o o Mat2
()
10° 5 A Mat 3
v Mat4
10° : . : .
0.0024 0.0027 0.0030 0.0033 0.0036

1/Temperature (1/K)

Fig. 6 Solubility versus temperature obtained from four differ-
ent packaging materials
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Fig. 7 Fickian and non-Fickian solutions are compared with
experimental data of EMC A obtained at 180°C

energy, Ey/R,, of each material. The slopes are nearly identical,
which indicates a nearly constant value of the activation energy.

3.1.1 Non-Fickian Diffusivity. Some polymers show non-
Fickian behavior. Two approaches to model non-Fickian gas dif-
fusion are available in the literature: dual-sorption theory [36] and
concentration-dependent diffusivity [37].

A typical non-Fickian behavior with normalized weight gain
(w%nwg) is shown in Fig. 7, which was obtained from an EMC at
180 °C [34]. A modified approach to obtain a diffusivity equation
as a function of both temperature and concentration was proposed,
where the Arrhenius equation was combined with the concentra-
tion dependency [34]. It is expressed as
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E
D = DoDoc exp (—D + aC) (15)

RoT

where Dyc is a dimensionless adjustment coefficient for concen-
tration dependence and « is the exponent constant relevant to con-
centration dependence. Accordingly, the diffusion equation can be
modified as

aCc Ep
E =V- |:DODOC exp (RoiT + aC) VC:|

(16)

The constant, a, represents the degree of concentration depend-
ency of the diffusivity. It governs the magnitude of discrepancies
between Fickian curves and experimental data. Since the diffusiv-
ity monotonically changes with the concentration from unity at
C=0 to ¢« at C=Cy,, weight gain can be accelerated or
retarded depending on the sign of a. Such a biased change is
adjusted by another constant Dgc.

Using the Fickian constants (D, and Ep), nonlinear regression
analyses were repeated to determine the values of a and Dgc.
Since an analytical solution of Eq. (16) was not available, a finite-
element model based on a thermal-moisture analogy was imple-
mented to solve the non-Fickian diffusion problem using ANSYs
[17,34]. The constants determined through this procedure are
listed in Table 2. The weight curve using the four constants is also
plotted in Fig. 7 along with the Fickian curve. A better fit over the
entire history was resulted.

3.2 Hygroscopic Swelling Coefficient. The polar water mol-
ecules form hydrogen bonds with the hydroxyl groups in the poly-
mer chains and disrupt interchain hydrogen bonding. These water
molecules increase the intersegmental hydrogen bond length and
collectively cause the polymeric material to swell. This dimen-
sional increase due to the absorption of moisture is called hygro-
scopic swelling. The hygroscopic strain is known to have a linear
relationship with moisture concentration as [7]

e =p-AC 17)
where ¢, is the hygroscopic strain and f is the coefficient of
hygroscopic swelling (CHS). AC is the moisture concentration
difference.

The CHS can be measured by various tools and techniques
including a bending cantilever method [38], a micrometer [39],
Michelson interferometry [40], and thermomechanical analyzer
(TMA) combined with thermogravimetric analyzer (TGA) [6]. A
full-field deformation analysis can be used to cope with the limita-
tion of point-measurement methods. Moiré interferometry [41]
and digital image correlation (DIC) [42] have been utilized for
hygroscopic swelling strains in bulk polymers [43] and thin film
polymers [44], respectively. The CHS measurement using moiré
interferometry is reviewed here.

The overview of the experimental procedure is illustrated in
Fig. 8 [7]. Two samples of a material of interest were first baked
to remove any initial moisture content (a). After the bake is com-
pleted, cross-line diffraction gratings were replicated onto the
samples at an elevated temperature of 85°C using a high-
temperature curing epoxy (Tra-Con Tra-Bond F230) (b). One of
the two samples (reference sample) was left in the baking oven to
ensure no extra moisture gain (c). The second sample (test sam-
ple) was subjected to an 85°C/85%RH environment and its
weight was periodically monitored until a saturation state was
reached (d). Once the saturation state was achieved, the hygro-
scopic swelling measurement was performed by moiré interferom-
etry during desorption process (e).

It was vital to eliminate thermal expansion during moiré meas-
urements so that only hygroscopic swelling was documented. This
was accomplished by using the reference sample. The reference
and test samples are positioned side by side during measurements.
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Fig. 8 Overview of CHS measurement procedure using moiré
interferometry

The interferometer was first tuned to produce a null field (devoid
of fringes) on the reference sample and the test sample was
viewed subsequently. This procedure canceled any thermally
induced deformations in the test sample since the deformed state
of the reference sample was used as a reference datum for zero
hygroscopic deformation of the test sample.

The null field fringe pattern obtained from the reference sample
is shown in Fig. 9(a). The representative fringe patterns of the test
sample obtained right after saturation (f=0) and after 40h are
shown in Figs. 9(b) and 9(c), respectively. The hygroscopic strain,
&, can be determined directly from moiré fringe patterns by

LAN

~ 20 AL a8)

&n

where f; is the frequency of the specimen grating (1200 lines/
mm), AN is the change of fringe orders in the moiré pattern, and
AL is any gage length across which AN is determined. The hygro-
scopic strains are plotted against moisture content (%) in Fig. 10.
It is evident that a linear relationship exists between hygroscopic
swelling and moisture content. The slope is the CHS value of the
material (f=0.27).

4 Modeling of Moisture Diffusion

Commercially available software packages are preferred
choices to solve the diffusion problems of semiconductor/MEMS
packages as they typically have complex geometries, material
configurations, and loading conditions. Not all commercial finite-
element analysis (FEa) software packages offer the moisture (or
mass) diffusion function [17]. Furthermore, when moisture trans-
port into/out of a cavity is involved, the modeling task becomes
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Fig. 9 Moiré fringe patterns: (a) null fields obtained from the
reference sample; fringe patterns of the test sample at time
intervals of (b) zero and (c) 40 h
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Fig. 10 Hygroscopic strain versus moisture content (%)
obtained from moiré fringes

even more complicated. This section presents numerical schemes
to handle the two issues effectively.

4.1 Thermal-Moisture Analogy. Heat conduction is a diffu-
sive process and thus has a governing equation similar to that of
mass diffusion. Fourier’s law of heat conduction is expressed as

q=—kVT (19)

where ¢ is the heat flux (W/m?), T is the temperature (K), and £ is
the conductivity (W/m K). Assuming no internal heat generation,

010802-6 / Vol. 139, MARCH 2017

the energy balance yields the governing equation of heat conduc-
tion as

T =V (aVT) or pc,T =V - (kVT) (20)
where « is the thermal diffusivity (m?/s) and p and c), are the den-
sity (kg/m?) and the specific heat (J/kg K), respectively.

Due to the similarity in governing equations (Egs. (2) and (20)),
heat conduction and mass diffusion have been often treated in a
“unified” way [45]. The resulting “thermal-moisture” analogy is
very attractive, since moisture diffusion can be solved using the
heat transfer function of any Fea software. As a consequence, the
thermal-moisture analogy has been utilized extensively to address
water diffusion inside semiconductor packages [9,10,46], food
[47], and gas barrier films [48,49].

4.1.1 Direct Analogy. For a homogenous and isotropic mate-
rial, a thermal-moisture analogy can be established from direct
comparison between Egs. (2) and (20) [17]. This direct analogy
can be expressed as

Field variable : T (temperature) = C (concentration) o
Diffusivity : o (thermal) = D (moisture)

The direct analogy scheme is simple, but this analogy is applica-
ble to only single-material or homogeneous problems; it cannot
handle the interface discontinuity that occurs in multimaterial
problems [17].

4.2 Multimaterial Problems. The moisture concentration is
discontinuous at a bimaterial interface as mentioned earlier. In
order to make this problem numerically possible, normalized field
variables are introduced, which are continuous across the material
interfaces.

4.2.1 Normalized Analogy. A normalized concentration is
defined as [17]

C
¢ = S (22)

where ¢ is normalized concentration (Pa). Substituting Eq. (22)
into Eq. (2), Fick’s equation yields

X50) _ v 1pv(s9)] = $¢ -+ 5 = V- DV(59)

9 (23)

The corresponding boundary condition at the exterior surface is
given from Eq. (3) as

dpc =Dy (24)

When VS =S =0, the solubility is constant and Eq. (23)
becomes

Sp =V -[(DS)V¢)] (25)

Then, the normalized analogy can be established by comparing
Eqgs. (25) to (20) as
Field variable : T = ¢
k=DS
pc, =8

(26)

It is important to note that S should be included in the normalized
analogy; if the analogy is set as pc, = 1 and K = D, the mass con-
tinuity (Eq. (11)) will not be satisfied.

The above analogy should properly handle the interface condi-
tion as the field variable is the concentration normalized by
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solubility which is continuous at the material interface. It is
important to remember, however, that the normalized analogy
was established for the condition of constant solubility; the tem-
perature distribution must be uniform (VS = 0) and independent
of time (S = 0), since solubility is a temperature-dependent prop-
erty. This condition is met only when the loading is isothermal,
and thus, the normalized analogy should be applied only to iso-
thermal problems.

The normalized concentration, ¢, is often referred to as the
“activity” of the diffusing material [16], which provides the physi-
cal meaning of the normalized concentration using the dissocia-
tion of a diatomic gas during diffusion. Equilibrium requires the
partial pressure to be continuous across an interface, and thus, the
normalized concentration will be continuous as well. Galloway
and Miles [9] used a similar argument and called the normalized
concentration moisture partial pressure, P, and used the following
expression, which is basically identical to Eq. (22):

c
P==
S

27
It is important to note that the moisture partial pressure, P, is just
a symbol for solution variable and should not be confused with
either the ambient vapor pressure, p,, or the chemical potential
inside a polymer, which usually defined in terms of Gibbs free
energy [50].

An alternate normalized variable, W, called relative concentra-
tion or wetness, was introduced by Puig et al. [51] and later Wong
et al. [52-56]. It is defined as

Cc

W=
CS&I

(28)

Under the assumption that solubility remains constant regardless
of the level of concentration, the wetness can be expressed as

)

= (29)

Pv
It is clear from the above equation that the two normalized varia-
bles are basically the same since the ambient vapor pressure, p,, is
constant at a given temperature.

The term moisture partial pressure implies the vapor phase of
water, while the concept of wetness does the liquid phase of water.
In fact, water diffused into a solid exists as water molecules and
its phase can change by numerous conditions. Regardless of the
phase, however, the physical meaning of the normalized variables
is nothing more than normalized concentration for the case of
moisture diffusion. Consequently, the normalized concentration or
wetness yields identical result when the analogy is implemented
to determine the moisture concentration.

4.2.2  Advanced Analogy. The advanced analogy scheme was
proposed to cope with the limitations of the normalized analogy
[18]. It was established based on the unique behavior of the most
commonly used packaging polymers that the saturated concentra-
tion is linearly proportional to the ambient relative humidity but
not dependent on the temperature.

The experimental evidence of the behavior is shown in Fig. 11,
where the saturated moisture concentrations obtained at 25°C,
55°C, and 85 °C are plotted as a function of relative humidity. It
clearly shows that there exists a linear relationship between the
saturated concentration and the relative humidity over the temper-
ature range used in the measurements (below the glass transition
temperature of the polymer). This behavior has been observed in
numerous other studies [31,42,50,52,57-60].

The linear relationship between the saturated concentration and
the relative humidity can be expressed as

Coat =S Py = N * Psat RH% = M - RH% (30)
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where py,, is the saturated vapor pressure (Pa), RH% is the relative
humidity, and M 1is the “modified solubility,” which is a
temperature-independent material property.

The advanced analogy uses the modified solubility. An
advanced normalized concentration, ¢, is defined using the modi-
fied solubility as

c
=— 1
? =3 (€2))
Substituting Eq. (31) into Eq. (2) yields
Mo +Mp = VDV (M) = Mp = VDMV  (32)

Thus, the advance analogy is established by comparing Eq. (32)
with Eq. (20) as
Field variable : T = ¢
k=MD
pc, =M

(33)

The modified solubility automatically satisfies the mass continuity
at the interface. The boundary condition of the new normalized
concentration becomes ambient relative humidity (RH%), i.e.,

Ppc = RH% (34)

The above derivation clearly indicates that the advanced anal-
ogy is valid for multimaterial systems subjected to anisothermal
loading conditions (nonuniform temperature fields that change
with time).

It is important to note that temperature-independent linear rela-
tionship between the saturated moisture concentration and the rel-
ative humidity may not exist above the glass transition
temperature as well as for polymer composites [61-64]. The
temperature-independent linearity must be confirmed experimen-
tally to utilize the proposed scheme accurately.

4.2.3 Validation of Analogies. The three analogy schemes are
summarized in Table 4. They were validated by numerically solv-
ing the original diffusion equation, Eq. (2) [17,18,57].

The validity of the normalized concentration was verified first
[17,57]. As illustrated in Fig. 12(a), the simulation considered
moisture diffusion in a 0.2 mm-thick double-layered wall. For an
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Table 4 Summary of three analogy schemes
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Fig. 12 Implementation of normalized analogy: (a) bimaterial

specimen subjected to an isothermal loading condition and (b)
distribution of moisture concentration at t =3600s

isothermal loading condition, the wall was exposed to a relative
humidity of 85%RH at an ambient temperature of 85 °C.

The distribution of moisture concentration obtained from the
direct and normalized analogy schemes are shown in Fig. 12(b)
[17,57], where the results are compared with the results of the dif-
fusion analysis. The normalized analogy handles the bimaterial
problem effectively and produces a correct distribution of mois-
ture, where the discontinuity of moisture concentration at the
interface is evident.

The validity of the advanced analogy was also verified using a
bimaterial structure subjected to anisothermal loading [18]; the
loading incorporated not only temperature change with time (7" #
0, and thus S # 0) but also spatially nonuniform temperature dis-
tribution (VT # 0, and thus VS # 0).

The configuration of the structure and loading conditions are
illustrated in Fig. 13(a). The problem was solved by the normal-
ized and advanced analogies. The results at r=3600s are plotted
in Fig. 13(b) together with the solution of the diffusion equation.
The advanced analogy scheme predicted the moisture concentra-
tion accurately, while the normalized analogy significantly

010802-8 / Vol. 139, MARCH 2017
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Fig. 13 (a) Schematic diagram of simulated geometry and
boundary condition for the anisothermal bimaterial case and
(b) moisture concentrations at t=3600s

deviated from the solution. The results confirmed that the
advanced analogy is applicable to all anisothermal cases.

4.3 Moisture Transport for MEMS Cavity. MEMS devices
have an internal cavity for moving parts and proper packaging
should be provided to maintain the internal condition of the cav-
ity. The cavity is formed by sealing a gap between cap and sub-
strate wafers. Hermeticity of MEMS packages is a measure of the
ability to maintain an acceptable level of stable and sometimes
inert ambient in the cavity. Good hermeticity is essential for com-
pliance with performance and reliability standards [65].

The most commonly used sealing materials to provide herme-
ticity are low-melting point eutectics, such as AuSn, AuSi, and
other tin-based alloys. More recently, polymers have gained wide-
spread acceptance due to many advantages that they offer [66,67].
Examples of polymeric seals include benzocyclobutene (BCB),
parylene, polyimide, and negative photoresists [68,69]. Modeling
of moisture transport into and out of a cavity through a polymeric
seal is crucial in assessment of hermeticity performance of
polymer-sealed MEMS packages.

Assuming that water vapor obeys the ideal gas law, the cavity
vapor pressure by moisture transport through polymeric seals can
be determined by

RoT
M,V

pe(t) = p(0) + J J Jo(t) - dAdt (35)

A
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where p, is the cavity pressure (Pa), M,, is the molar mass of water
(0.018 kg/mol), V, is the cavity volume (m>), A, is the total area
of polymeric seal surfaces in the cavity, and J, is the moisture
mass flux into the cavity (kg/m? s) through polymeric seals.

A 3D package (Fig. 14(a)) can be modeled as a two-
dimensional (2D) structure (Fig. 14(b)) since a cavity and a seal
are sandwiched by a silicon chip through which gas cannot pene-
trate. The 2D diffusion model can be solved numerically by com-
mercially available FEa software packages. It is important to recall
that the boundary condition at the polymer seal and cavity inter-
face is transient; the cavity pressure increment at each time step
should be calculated and subsequently used to update the bound-
ary condition at the inner surface after each time step. This updat-
ing process requires a user-defined algorithm (this scheme is
referred to as “the original” scheme). An effective modeling
scheme was proposed to cope with the problem (this scheme is
referred to as “effective volume”) [65].

A schematic illustration of the effective volume scheme is
shown in Fig. 14(c). It modeled the package cavity as a fictitious
polymer with an extremely large diffusivity and an “equivalent
solubility.” The large diffusivity ensured the uniform vapor pres-
sure inside the cavity. It is important to note, however, that the
solubility of the fictitious polymer cannot be chosen arbitrary.
Instead, the effective solubility should be derived from the gas
law and Henry’s law as

C P M,,

S =—=—- ==
" p  nReT/V  ReT

(36)

where p, V, and n are the water vapor density (kg/m?), the volume
(m>) of the cavity, and the number of moles (mol). Note that the
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water vapor density has the same dimension as the moisture con-
centration and it can be interpreted as moisture concentration
inside the imaginary polymer.

The effective volume scheme transforms the original single
material diffusion problem with transient boundary conditions
into a bimaterial gas diffusion problem with fixed boundary condi-
tions. Consequently, the Nernst distribution law should be consid-
ered for mass continuity at the cavity—polymer seal interface (the
inner surface of the polymer seal, x =L in Fig. 14(b), which can
be expressed as [22]

(37

where C. and C, is the moisture concentration of the cavity and
the polymer seal, respectively.

In the effective volume scheme, the mass continuity is auto-
matically satisfied at the interface, and thus, the interface condi-
tion does not have to be updated manually. As a results, the
commercial FEA software packages can be employed to implement
the effective volume scheme with either normalized or advanced
analogy. It is important to note, however, that only isothermal
cases should be solved even when the advanced analogy is
employed, because Eq. (36) is not valid for general anisothermal
cases.

The effective-volume scheme was validated with the original
scheme. In the validation, a simple 1D axisymmetric geometry
was considered, which simulated an MEMS device with a cavity
at the center [70]. Since no closed-form solution was available for
the original schemes, it was solved by a numerical scheme based
on the finite-difference method (FDM) [71].

Figure 15 shows cavity pressure evolution as a function of time
for the case, where the seal width and the inner cavity radius are
the same [70]. The two schemes produce identical curves, con-
firming the validity of the effective volume scheme. Validation
with experimental data can be also found in Refs. [65,72].

5 Summary

Fundamentals of moisture transport inside semiconductor
packaging were reviewed. The procedures to obtain critical hygro-
scopic properties (diffusivity, solubility or saturated concentra-
tion, and hygroscopic swelling coefficient) were established well
for the past decades, and abundant data were available in the liter-
ature. However, most of the data were obtained below 100 °C and
under RH less than 85%, and the data above the water boiling
temperature were still limited in the literature. More experiments
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to measure the data above 100°C as well as at RH of 100% are
warranted to provide complete understanding about the moisture
behavior during solder reflow after preconditioning.

Numerical modeling schemes for diffusion analyses of packag-
ing structures were developed for the last two decades and have
been used extensively for various moisture transport problems
including MEMS devices containing an internal cavity. The ther-
mal analogy schemes are convenient and effective for the diffu-
sion analysis, but cautions must be given to their applicable
domains when implemented for diffusion problems with complex
geometries and loading conditions.
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