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Moisture Diffusion Inside the BEOL
of an FC-PBGA Package
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Abstract— Moisture diffusion into the back-end-of-line (BEOL)
can be critical for the reliability of electronic devices. With
the objective of studying moisture diffusion into critical areas,
such as the silicon–organic substrate interfaces of a flip chip
plastic ball grid array (FC-PBGA), a multitude of impedance
sensors sensitive to moisture are integrated inside the BEOL of a
17 × 17 mm silicon die. The sensors are read by a dedicated cus-
tom circuit that allows accurate characterization of the moisture
with in situ spatial measurements. This article presents the results
obtained by the experimental acquisition system on the FC-PBGA
module under a high-relative humidity (RH) level of up to
75%. This study shows the moisture behavior of the multiwalled
carbon nanotube (MWCNT) sensors inside the BEOL during
absorption and desorption. The behavior initially follows Fick’s
law, with a constant increase in the RH. For long-term tests of
more than 400 h, an asymptotic behavior is observed; when the
concentration of a sensor reaches a value close to saturation,
a two-dimensional finite-difference method (2D FDM) is used
to estimate the saturation value. Thanks to the large number
of sensors distributed on the BEOL, we first detect, during an
absorption test, an increase in the RH. This increase is due, first
of all, to a lateral moisture front with a constant velocity of
about 90 µm/h moving through the underfill. Then, after 30 h of
storage, a more complex diffusion through the organic substrate
occurs, affecting the BEOL.

Index Terms— Flip chip plastic ball grid array (FC-PBGA),
long-term high-humidity storage, moisture diffusion, relative
humidity (RH) sensors.

I. INTRODUCTION

IN ORDER to fulfill the growing need, increasing at a
fast pace, for data processing, storage, and transmission,

the industry is developing very large-scale integration (VLSI)
systems with an increasing number of active components.
In an assembly, this results in an increase in the amount of
input–output (I/O) through higher interconnection densities on
larger silicon dies and smaller interconnection sizes. However,
the increase in the interconnection density, which improves
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performance, has led to an increase in the vulnerability of
the interconnection area inside flip-chip packages. The main
sources of failure within the interconnection area are exposure
to moisture and temperature excursions. It was reported that
moisture induces mechanical stresses, hygroswelling [1], and
local pressure variation, which cause delamination and frac-
tures in the interconnections. Further studies have indicated
corrosion phenomena [2], [3] and induced galvanic migration,
which creates dendrites between the metal coating of the
interconnections [4].

For this study, experimental in situ sensors and a custom
readout system are developed to follow moisture diffusion
inside a flip-chip plastic ball grid array (FC-PBGA) module.
This article describes the moisture absorption and desorp-
tion of multiwalled carbon nanotubes (MWCNTs)/polyimide
sensors inside the back-end-of-line (BEOL) under different
environmental conditions and moisture diffusion through an
FC-PBGA package.

II. METHOD

A. Integrated Sensors

The embedded sensor is composed of MWCNTs function-
alized with carboxyl groups (COOH-MWCNTs). The sensors
located in the BEOL are fabricated by depositing functional-
ized MWCNTs with a spray coating method; they are then
patterned with UV photolithography to achieve a rectangular
form that is 20 μm in length and 100 μm in width. They are
electrically isolated by polyimide, which allows moisture to
diffuse into the MWCNTs [5].

The MWCNTs’ sensors have a complex sensing mecha-
nism due to the different interconnections between MWCNTs
and water molecules. The frequency response of the sensors
follows an R/C model. The temperature and moisture con-
centration modify the equivalent resistance and capacitance.
The sensing mechanism was studied in a previous work by
Quelennec et al. [6] and its sensitivity (SZ ) to temperature (T )
and relative humidity (RH) were reported to vary with different
frequencies according to (1) [6]. The moisture concentration
inside each sensor can be extracted using its impedance
variation (RV) from an impedance reference (Z ref) at a fixed
frequency, as described by (2) [7]

Z = Z ref
(
1 + sZ,T ( f )(T − Tref)

+ sZ,RH( f )(RH − RHref)
)

(1)

RV( f ) = |Z( f )| − |Z ref( f )|
|Z ref ( f )| . (2)
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Fig. 1. Representative schematic of the FC-PBGA module with sensors
(yellow blocks) embedded in the BEOL.

Fig. 2. Sensors (green pattern with ID numbers) and BLM (orange circle)
positions shown on the silicon chip layout.

The sensors are sensing at 10 kHz, which is high enough
to allow the lock-in amplifier to eliminate most of the flicker
noise. Furthermore, the stated frequency is also sufficiently far
away from the sensors’ cutoff frequency, allowing a high RH
sensitivity.

B. Sensor Module

In each 17 × 17 mm silicon chip, 108 carbon nanotube
(CNT) sensors are embedded, covering the entire silicon die
area. The silicon die is assembled into FC-PBGA modules on a
0.856-mm high Tg with a base core of 0.400-mm glass epoxy
laminate and ten Cu layers (see Fig. 1). The different locations
of the sensor and their interconnections with the substrate [ball
limiting metallurgy (BLM)] shown in Fig. 2 allow to analyze
moisture at a particular location inside the module but also to
monitor the diffusion vectors from the edge to the center of the
die. In order to read the sensors, a lock-in amplifier has been
designed and implemented on a distant printed circuit board
(PCB) [8]. Each FC-PBGA module is mounted on a flexible
board that allows the ball grid array (BGA) to be connected
to the readout circuit outside the Thermotron SM-16-7800
environmental chamber. The environmental chamber provides
accurate temperature and RH values for the characterization
of the sensor’s modules (see Fig. 3).

III. CHARACTERIZATION OF EXPERIMENTAL SENSORS

A few modules are assembled without underfill and wired
to the readout system via the flip-chip interconnection to

Fig. 3. FC-PBGA module (on the right side) without lids assembled by the
BGA on flexible PCB with four readout connectors (on the left side).

ensure a direct exposure of the BEOL to the ambient humidity.
This module enables the calibration and characterization of all
integrated sensors on a silicon chip.

Fig. 4 shows measurements made with the sensors during
an absorption with two steps of 75% RH and 85% RH and
initially dry conditions. All sensors detect the increase in
the moisture concentration simultaneously and without any
delay. The moisture saturation level is reached after about
10 h, as shown in Fig. 4, during the first 75% RH step.
For desorption, the same absence of a delay is observed. The
embedded sensors are sensitive to moisture and temperature,
with a linear behavior from 30 ◦C to 130 ◦C and from
30% RH to 75% RH. All the measurements made during
the characterization of the sensors with a dedicated readout
system show, for the sensors with a dedicated readout system,
measurement uncertainties of 0.6 ◦C and 0.2% RH. This
performance is achieved with sensors with a sensitivity of
0.3% RV/% RH and a lock-in amplifier with an uncertainty of
0.1% RV. A nonlinear behavior due to the sensors appears at
85% RH, as shown in Fig. 4, during the second moisture step
that occurs at 19 h; this is probably caused by a degradation
of the sensors or interconnections. In order to avoid this issue,
we stay within the working range of our sensors: we limit the
RH level inside the chamber to 75%.

The no-underfill test demonstrates the need for a desorption
process after storage in a high-moisture environment in order
to dry the BEOL. In some packages, residual moisture is
detected after a long-duration high-moisture test. A higher
temperature (>100 ◦C) is required to remove the residual
bound water [9], [10]. Dai et al. [11] described this residual
bound water as being mostly localized inside the substrate;
hence, most of it is not detected by the sensors located within
the BEOL. A standard duration of 24 h at 130 ◦C completely
dries the BEOL of an FC-PBGA module without underfill; it
also demonstrates the robustness of the sensors after multiple
measurements.

IV. HUMIDITY ABSORPTION

FC-PBGA sensors with underfill were used for the study of
moisture diffusion in a typical assembly module. As illustrated
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Fig. 4. Module-without-underfill sensor’s response to temperature and
humidity variation with 75% RH and 85% RH steps inside the environmental
chamber and desorption at 130 ◦C during baking. Top: RH (% RH) and
temperature (◦C) of the environmental chamber. Bottom: relative impedance
variation of the sensor (%).

Fig. 5. Example of a sensor’s response inside a module with underfill to
absorption in the environmental chamber (blue) and desorption during baking
(red). Top: RH (% RH) and temperature (◦C) of the environmental chamber.
Bottom: relative impedance variation of the sensor (%).

in Fig. 5, with an RH of 75%, the absorption process consists
of 1300 h of constant moisture exposure in the environmental
chamber at a fixed temperature of 85 ◦C in order to accel-
erate the diffusion inside the underfill. Before and after each
absorption process, the module is dried at 130 ◦C for 250 h.

During this experiment, three observations have been made.
The behavior of integrated sensors to the absorption of
humidity by the package (see Section IV-A). The variation
of the RH inside the sensor according to their position (see
Section IV-B). The evolution of the moisture fronts according
to the absorption time to monitor the diffusion vector (see
Section IV-C).

A. Single Sensor Behavior

The local moisture diffusion of each individual sensor of the
assembled die shows behavior in agreement with the expected

Fig. 6. Individual sensor’s response in terms of the relative impedance
variation (%) to the absorption of humidity with a 75% ambient humidity
level. A linear fit of the data from 50 to 250 h is displayed.

Fickian response, with a linear rise of the relative impedance
followed by a curvature to a saturation state (see Fig. 6).
Compared to the test without underfill, the sensor’s response
shows a delay that indicates the impervious properties of the
underfill. This information was used to track the humidity
vector inside the package (see Section IV-C).

This Fickian behavior is expected, as observed in many
epoxy/polymer moisture uptake experiments with weight mea-
sure [12], [13]; however, non-Fickian behavior has also been
observed in the literature, especially in high-temperature envi-
ronments, where a dual-stage diffusion model is used [14],
[15], [16], [17], [18], [19]. The moisture saturation concentra-
tion (Csat) that is obtained when the impedance of the sensors
is stabilized is related to the ambient RH set by the environ-
mental chamber, the solubility (S), and the saturated vapor
pressure (Pv,sat). The concentration is linearly proportional to
a factor M (modified solubility) multiplied by the ambient
RH at a constant temperature, as shown in (3) [20], [21].
The moisture saturation concentration is proportional to the
maximum relative impedance (RVsat) observed and can be
determined, thanks to the sensitivity of the sensors toward
moisture (sRH) (4). The characterization of the sensors without
underfill shows a linear response of RH in a range of 0%
RH–75% RH (see Section III) which permit to identify in
a constant temperature environment with known RVsat, the
RH and moisture concentration inside different sensors with
different sRH

Csat = S × RH × Pv,sat = M × RH (3)

RVsat = Csat × sRH. (4)

The test performed with the sensor module inside the
environmental chamber for 1300 h allows one to observe the
linear behavior of the moisture concentration versus the square
root of time, followed by a curvature toward a saturation level.
In order to estimate the saturation time due to the asymp-
totic behavior observed during long-term storage, a diffusion
model, obtained using an analogy between the well-known
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Fig. 7. Four sensors’ responses in terms of the relative impedance variation
(%) over 1300 h (continuous lines) and the corresponding 2D-FDM models
(dashed lines) during moisture diffusion with initially dry modules.

TABLE I

VALUES OF THE DIFFUSION COEFFICIENT (D) AND EQUIVALENT

IMPEDANCE OF MOISTURE SATURATION INSIDE SENSORS (RVsat)
ESTIMATED USING 2D FDM AND THE SENSORS’ RESPONSES TO

MOISTURE ABSORPTION AT 75% RH OVER 1300 H

thermal diffusion equation and moisture diffusion, was used
[20], [22], [23].

B. Moisture Absorption Inside BEOL

The spatial distribution of the sensor inside the BEOL
allows to have an analysis of the lateral moisture diffusion.
A 2-D finite-difference method (FDM) is used along with
the sensor response over 1300 h (see Fig. 7) to estimate the
saturation impedance value of the sensors (RVsat) as well as the
diffusion coefficient (D) despite the variation of the sensitivity
between sensors. This FDM model using the Fickian equation
is commonly used for moisture diffusion inside materials such
as IC materials, it allows to extract a diffusion coefficient in
order to relate the diffusion to the sensor’s position [24], [25].
The diffusion coefficient calculated by the FDM has the same
values for sensors located equidistantly from the edge of the
silicon die, such as sensors A and B [see Fig. 7 (inset)]. The
diffusion coefficient is estimated to be between 0.8 × 1012

and 3 × 1012 m2/s for sensors near the die edge (sensor C).
For sensors at the border of the die, the measured diffusion
coefficient extracted from the 2D-FDM shows similar values.
For sensors located closer to the center of the die, we have

TABLE II

PARAMETERS OF LINEAR FIT TO THE DELAY OF
SENSORS FROM 0 TO 3500 μM

Fig. 8. Moisture front inside the underfill visible through the sensor’s
moisture detection delay versus the distance of the sensors from the edge
of the die at different ambient moisture levels (45% RH, 60% RH, and
75% RH).

higher diffusion coefficients, as shown by sensor D in Table I.
We did not perform these calculations for sensors close to
the center (∼3500 μm) of the die because the FDM could
not be used to successfully calculate diffusion coefficients for
these sensors. This phenomenon can be explained by a second
diffusion path that does not come from the die edge. In order
to have a more accurate estimation of the RH at the die center,
a 3-D diffusion model with two different diffusion coefficients
is required. As seen in Fig. 7, a few sensors, such as sensor A,
show a non-Fickian behavior with two-stage saturation. This
behavior has also been observed in epoxy used as underfill
during long-term moisture absorption [10].

C. Moisture Propagation Front

Unlike the module without underfill described in Section III,
each sensor has a response delay, as shown in Fig. 5, between
0 and 30 h before the impedance increase due to moisture
absorption inside the CNT sensors takes place. As can be
seen in Fig. 8, the delay before moisture detection by the
sensors has a linear evolution related to the distance from the
sensors to the edge of the silicon die for distances <3500
μm. A linear fit provides an estimation of the moisture
velocity (see Table II). This proportional evolution supports
a lateral moisture front penetrating through the underfill to
the sensors with a constant speed of ∼90 μm/h (see Fig. 9).
For the sensors at distances >3500 μm, we can see that
the response delays are similar and not a function of the
position anymore. As previously observed for the diffusion
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Fig. 9. Distances of the sensors from the edge compared to their delays at
different ambient RHs (45%, 60%, and 75%). The moisture front penetration
speed through the underfill is extracted from the sensors’ data.

Fig. 10. Three sensors’ responses in terms of the relative impedance variation
(%) to a desorption process over 250 h at 130 ◦C with an initial moisture
level of 75% RH.

coefficient calculated using the FDM in Section IV-B, this
behavior can be explained by a vertical moisture front moving
through the organic substrate. This second moisture front
will affect the die BEOL after about 30 h of moisture
exposure regardless of the humidity levels in the environment
(45% RH–75% RH), this would indicate a moisture propaga-
tion rate of 28 μm/h through the laminate. In the literature
study of moisture absorption in fiber glass, the substrate
has been done by weight measurement [26]. However, the
impact of metallic lines and ground plane on the moisture
diffusion with local moisture uptake measurement must be
taken into consideration in order to have an accurate study
of the moisture vector through the laminate.

V. HUMIDITY DESORPTION

The sensor module was also used to study the desorption
of moisture inside the die BEOL during a desorption process
in a controlled atmosphere using nitrogen flow. Unlike in

Fig. 11. Desorption response in terms of the relative impedance variation (%)
of the same sensor inside the BEOL during a bake at 130 ◦C with initial
moisture levels of 60% RH and 75% RH.

Fig. 12. Sensor’s response in terms of the relative impedance variation (%)
to a desorption process (continuous line) and the 2D-FDM model estimate of
the sensor’s response (dashed line) with Zref at 130 ◦C and an initial state of
75% RH.

the module without underfill, the standard 24-h desorption
process at 130 ◦C is not enough to achieve a dry equilibrium.
The responses of three sensors to an extended desorption
process that continues for 250 h to reach a dry state are
shown in Fig. 10 after an absorption process at 75% RV
over 1500 h. The same Fickian behavior seen in the response
during absorption is observed for all sensors. Different initial
moisture levels have no influence on the time constant of the
desorption curve, as shown in Fig. 11. Hence, the dynamics
are independent of the initial moisture and a unique 250-h
bake duration is required to completely dry the module after
storage at any moisture and temporal conditions.

After 250 h, the sensors seem to have reached their dry
state (see Fig. 12). An asymptotic behavior is visible starting
at 216 h (99% of the dry ratio). The moisture desorption for
each sensor can be plotted as the ratio of RV over RVsat that
is extracted from the 2-D model (dry sensors) as a function of
the distance of the sensor from the die edge (see Fig. 13).
We can observe from this data that the desorption in the
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Fig. 13. Evolution of time (h) needed to achieve the RV RV sat (dry) ratios
50%, 90%, 95%, and 99% for each sensor inside an FC-PBGA module during
a desorption process at 130 ◦C with an initial state of 75% RH.

module is not uniform near the edge of the die. For the first
∼1000 μm from the edge, a gradual drying time is measured
depending on the sensor position. Similar nonlinear behavior
was also observed during the absorption (see Section IV-C).
This increasing drying time is not observed for sensors located
farther than 1000 μm from the edge, where there is a plateau
that probably indicates a second path for moisture desorption.

VI. CONCLUSION

The experimental setup with CNT sensors integrated inside
the BEOL of an FC-PBGA allows an accurate local moisture
value to be obtained during humid storage for more than
1300 h. The complete set of measuring instruments achieves a
measurement accuracy of 0.2% RH on each of the 54 in situ
sensors spread over the 17 × 17 mm silicon die.

When the ambient RH increases during the absorption
test, all individual sensors respond with an increase in the
impedance. This increase in the impedance shows a Fickian
behavior of moisture diffusion and an asymptotic behavior
when the sensors have a moisture concentration approaching
their saturation state at a fixed RH. This behavior appears after
400–900 h depending on the position of the sensor in the die.
As the humidity saturation level is not fully obtained inside
the module after 1300 h of moisture exposure, a 2-D finite-
difference model with diffusion mainly propagating through
the underfill is used to calculate the saturation time, which is
estimated to be 9000 h. This simulation also allows one to
estimate the diffusion coefficient of the moisture inside the
BEOL. During the desorption test, the same Fickian behavior
is visible for around 250 h at 130 ◦C under nitrogen. Using the
FDM, the 99% desorption level is estimated at ∼216 h and the
completely dry state is estimated at ∼900 h. Similar diffusion
coefficients were measured on sensors near the die edge. The
estimated coefficients from the FDM are more variable for the
sensors near the die center, which shows the limit of the model
used.

The diffusion of humidity from the edge of the die to the
center can be followed by examining the variation in the delay

TABLE III

ANALOGY BETWEEN THERMAL DIFFUSION AND MOISTURE DIFFUSION

between the detection of moisture for each sensor and the
increase in the chamber humidity. This behavior indicates a
constant speed of the moisture front for the first 3500 μm
from the edge of the die. From 4000 to 8000 μm, the moisture
front propagation is not visible anymore, as similar response
delays of 30 h are measured. This can be explained by the
major impact of significant vertical moisture diffusion through
the organic laminate on the central sensors. This assump-
tion supports the coefficients calculated with the 2D-FDM;
a different diffusion happens in the center of the BEOL
(more than 3500 μm from the edge). This work could be
improved by a more accurate 3-D finite-element analysis.
This would demonstrate the importance of a vertical moisture
front moving through the organic laminate and its impact
on different locations inside the BEOL. The custom setup
shows that it is possible to follow the moisture level locally
inside the BEOL. The impact of filler materials has not been
investigated as this underfill is part of our partner assembly
process of the record. The proposed sensors technology could
be applied to characterize the moisture diffusion through
different filler content. With an integrated version of this
circuit, a full embedded acquisition chain can be realized to
monitor moisture and temperature levels to prevent the dys-
function of the microelectronic system through interconnection
failure.

APPENDIX

In order to build a 2-D model, we used an analogy,
as shown in Table III, between the well-known thermal diffu-
sion process (4) and moisture diffusion (5).

In a homogenous material, the analogy replaced the heat
conductivity (K ) by a coefficient (D × M) proportional to the
diffusion coefficient. This model allows one to determine the
lateral diffusion parameters, like the diffusion coefficient (D)
and the saturation level of impedance, which is related to the
concentration saturation inside the sensor (RVsat).

To perform a 2-D simulation, a finite-difference model
implemented in MATLAB1 is used to simulate diffusion inside
the BEOL of the FC-PBGA module (6), using the RVsat value

1Registered trademark.
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as the saturation value

ρCp
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∂ t
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∂x2
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