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An In-Package EMC-Based Relative
Humidity Sensor

Romina Sattari , Member, IEEE, Henk van Zeijl, Zu Yao Chang, Member, IEEE,
and Guo Qi Zhang , Fellow, IEEE

Abstract—This article presents a novel in-package rela-
tive humidity (RH) sensor designed to enhance moisture
detection within the chip encapsulation material, specifically
epoxy molding compound (EMC). Traditional methods for
assessing EMC moisture content, such as mass measure-
ments, are time-consuming and incompatible with industrial
reliability tests, limiting their use for real-time, in situ monitor-
ing. To address these challenges, we propose an integrated
capacitive sensor that directly measures moisture content
within the encapsulation material. The sensor utilizes a het-
erogeneous electrode design to overcome the sensitivity
limitations of conventional interdigital electrodes (IDEs). This
design features sections of different widths, allowing selec-
tive wet chemical etching of the silicon dioxide layer using
buffered hydrofluoric acid (BHF). By controlling the etching
time, the silicon dioxide layer beneath the narrower sections
is completely etched, while oxide pillars form under the wider sections, resulting in semifloating electrodes. The
EMC fills the etched regions and wraps around the narrower sections, concentrating more electric field lines in the
EMC and enhancing sensor sensitivity. Our proposed sensor achieves a capacitance change of 1 pF per 80% RH,
improving sensitivity from 6.9 to 12.3 fF/%RH, with a 20% increase in relative capacitance change. A shielding layer
is added to minimize parasitic capacitance effects, ensuring accurate measurements. The proposed sensor is fully
CMOS-compatible and can monitor moisture-induced reliability risks, as well as assess packaging material aging. This
work provides a cost-effective and reliable solution for in-package humidity monitoring in semiconductor applications.

Index Terms— Epoxy molding compound (EMC), heterogeneous electrodes, in-package relative humidity (RH) sensor,
interdigital electrodes (IDEs), packaging encapsulation material, parasitic capacitance, through-polymer rim (TPR), wet
chemical etching.

I. INTRODUCTION

M ICROELECTRONIC components are introduced to an
increasing number of applications as part of a control

or monitoring device, as sensors, or as means of track-
ing. Depending on the application, extreme loading profiles
may need to be endured such as high temperatures, random
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vibrations, or humid and even wet environments. Therefore,
encapsulation materials are used to protect the electronics.

In electronic packaging, epoxy molding compounds (EMCs)
are widely used as encapsulants, but their moisture absorp-
tion properties can lead to serious reliability issues such
as delamination, popcorning, weakened interfacial adhesion,
electrochemical migration, and mechanical property degra-
dation. The epoxy matrix of molding compounds tends to
absorb water molecules and subsequently exhibits a swelling
behavior that is unique to the chemistry of epoxy. Since most
of the other materials involved do not swell when exposed to
moisture, stress is induced between the materials. Moisture-
induced die stresses in PBGA and Quad Flat packages have
been studied in [1] and [2], respectively.

An example is shown in Fig. 1, where the epoxy molding
compound in semiconductor packages gradually absorbs mois-
ture from the ambient. During device operation, heat generated
by the circuit causes the absorbed moisture to vaporize, leading
to internal pressure build-up. This pressure weakens interfacial
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Fig. 1. Moisture-induced delamination in a PQFN package. (a) Mois-
ture absorption from ambient air. (b) Heat during operation vaporizes
moisture, creating internal pressure. (c) Delamination initiates at the die-
attach interface. (d) Cracks propagate, leading to potential failure.

adhesion, initiating delamination at critical boundaries such as
the EMC-to-lead frame or EMC-to-die interface. As thermal
cycling continues, cracks propagate through the resin, poten-
tially reaching the die or interconnects, resulting in electrical
failure or package breakdown.

Furthermore, moisture poses a danger to the reliable perfor-
mance of microelectronic devices because of corrosion when
the diffusing water reaches the encapsulated electronics.

In [3], the humidity-related properties of EMC were inves-
tigated using mass measurements. However, this approach is
often incompatible with industrial reliability test procedures,
as it requires precise microbalance equipment, is time-
consuming, and does not reflect real-time humidity sensing
conditions within a packaged device. These limitations make
it impractical for large-scale or in situ monitoring applications.

To effectively mitigate moisture-induced reliability con-
cerns, real-time monitoring of EMC humidity levels is
essential. However, conventional humidity sensors [4], [5] are
designed for ambient conditions to measure the humidity level
in the air and cannot directly assess moisture absorption within
the encapsulated environment. Thus, an integrated in-package
humidity sensor is required to provide direct, real-time data on
EMC moisture content, enabling a more reliable assessment
of package performance over time.

In general, RH sensors can be resistive or capacitive [5], [6],
[7], [8]. Resistive sensors measure RH by detecting changes in
a hygroscopic material’s resistance, such as polymer, ceramic,
or metal oxide. Moisture absorption alters resistance, which is
measured using circuits such as voltage dividers or Wheatstone
bridges to provide an RH output. Resistive humidity sensors
are efficient in terms of manufacturing cost and process
complexity. However, they may require periodic calibration to
ensure accurate measurements due to nonlinearity. Moreover,
their response is limited to poor sensitivity at low humid-
ity levels below 10%, mainly due to insufficient resistance
conductivity [9].

Fig. 2. (a) PP sensor. (b) Interdigital electrode (IDE) sensor coated with
sensing material.

Capacitive humidity sensors measure RH by detecting
changes in the dielectric constant of a sensing element. As the
ambient humidity level changes, the hygroscopic material
absorbs or releases moisture, which changes the dielectric
constant of the sensing element. This change in the dielec-
tric constant alters the capacitance [10], [11]. In contrast to
resistive RH sensors, capacitive RH sensors respond faster
and perform more accurately. Moreover, they are less prone to
drift over time compared to resistive humidity sensors, which
simplifies their readout circuits.

The capacitive sensor design methods can be divided into
a parallel plate (PP) and an interdigital electrode (IDE),
as shown in Fig. 2. PP capacitive humidity sensors consist
of two metal plates separated by a hygroscopic dielectric
material, such as a polymer. These sensors are relatively simple
and easy to manufacture but may be more susceptible to
external interference.

However, traditional parallel-plate capacitive sensors require
the sensing material to be sandwiched between two electrodes,
making them unsuitable for in-package humidity monitoring
where the chip is coated entirely with a molding compound.
In contrast, IDE capacitive sensors provide a structure that
allows direct interaction with the sensing material on the top.
This configuration enables real-time humidity measurement
while maintaining compatibility with semiconductor packag-
ing constraints.

IDE capacitive humidity sensors use a series of interleaved
metal electrodes on a substrate, typically a silicon wafer. These
electrodes can be coated with a sensing material that monitors
the level of humidity. Although IDE capacitive sensors offer
a suitable structure for in-package sensing, their sensitivity
is inherently limited, as only half of the electric field lines
interact with the dielectric sensing material [12].

Our aim is to study EMC properties in relation to moisture
levels, allowing the sensor to directly monitor the mois-
ture content within the package, address potential reliability
issues, and provide real-time insights into moisture-induced
degradation mechanisms, such as the weakening of interfacial
adhesion. Therefore, this work addresses both challenges by
developing an in-package RH sensor that not only monitors the
moisture absorption and desorption behavior of the EMC but
also incorporates a heterogeneous electrode design to enhance
sensitivity.

In the following, we first focus on capacitive sensors with
IDEs and adapt them for use as in-package humidity sensors.
To achieve this, we utilized EMC, a material commonly
used for semiconductor packaging, directly as the sensing
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material. This was accomplished by following the standard
packaging process in which the electrodes are coated with
EMC. Second, to overcome the sensitivity limitation of IDE
sensors, this study introduces a heterogeneous electrode design
that improves the response of the in-package IDE sensor to
humidity variations of the EMC, ensuring accurate detection
of moisture-induced reliability risks. This improved monitor-
ing capability helps to design more reliable semiconductor
packages by preventing moisture-related failures. The fabri-
cation of the proposed sensor is fully CMOS-compatible and
ensures practical integration into the semiconductor packaging
without requiring additional processing steps, making it both
cost-effective and practically viable for widespread industrial
use.

Furthermore, the proposed sensor has the potential to
monitor the aging and dielectric properties of the encapsu-
lation material over time, contributing to the development of
advanced packaging solutions for RF applications, where the
dielectric properties of the molding compound influence signal
attenuation. As a result, the proposed device can serve not
only as a dedicated in-package humidity sensor but also as an
integral component in various electronic products.

This article extends our previous conference publica-
tion [13] by moving beyond fabrication and simulation to
provide a comprehensive experimental validation. We present
detailed measurement results and discussions, offering a com-
parative analysis of sensitivity, thermal performance, and
processing yield. These insights advance our understanding
of sensor optimization and highlight its practical applicability
in real-world conditions.

II. MATERIALS AND METHODS

This section describes the design, simulation, and fabrica-
tion steps of the proposed in-package humidity sensor. The
sensing mechanism relies on variations in the dielectric con-
stant of the EMC packaging material. This change is caused
by moisture absorption and desorption, as in (1), and needs
to be monitored for reliability investigations of semiconductor
packages [14]. The electrodes generate an electric field that
translates changes in the dielectric constant of EMC into
capacitance variations. A COMSOL simulation is presented to
analyze the device’s behavior. The optimized sensor electrode
design enhances sensitivity and overall performance

ϵ = f (RH). (1)

To adapt the proposed sensor for in-package reliability
monitoring, the sensor employs EMC as the dielectric sensing
layer, allowing direct measurement of moisture content within
the encapsulation layer. Furthermore, utilizing EMC as the
dielectric material for in-package RH sensors ensures compat-
ibility with CMOS technology, enabling monolithic integration
into the standard fabrication process.

Furthermore, the proposed design aims to improve the
sensitivity by increasing the relative capacitance change when
EMC is exposed to moisture. We designed heterogeneous
interdigital electrodes such that the electrode width changes
following a specific pattern, as shown in Fig. 3.

Fig. 3. Proposed heterogeneous interdigital electrodes.

In this article, we first provide a brief review of the design
and manufacturing concepts of using uniform electrodes for
in-package RH sensors as we proposed earlier in [15]. We then
proceed to the development of an in-package humidity sensor
featuring heterogeneous electrodes, highlighting how this new
design improves the sensor’s sensitivity. Through experimental
measurements, we compare the performance of the sensor with
heterogeneous electrodes with that of the uniform electrode-
based sensor, demonstrating the enhanced sensitivity of the
former.

A. RH Sensor With Uniform Interdigital Electrodes
In the conventional design of IDE capacitive sensors, the

electrodes have a uniform structure with a consistent width or
geometry throughout their entire structure. Therefore, when
coated with EMC, only half of the electric field lines pass
through the EMC as the target sensing layer. The remain-
ing field lines pass through the underlying silicon dioxide
insulation layer, thereby limiting the sensitivity of the IDE
sensor. In our previous study, we utilized wet chemical etching
to create undercuts in the silicon dioxide layer beneath the
sensor electrodes, thereby increasing the contact area between
the EMC and the electrodes, which enhances the sensor’s
sensitivity.

B. RH Sensor With Heterogeneous Interdigital
Electrodes

In this work, we present a heterogeneous electrode design
where the electrode’s geometry varies, featuring distinct sec-
tions with different widths. This design creates regions of
narrow and wide electrode lines, allowing for selective etching
of the silicon oxide layer underneath. By controlling the wet
chemical etching process, particularly with buffered hydroflu-
oric acid (BHF), we take advantage of its isotropic etching
behavior, which etches the silicon dioxide at a uniform rate
in all directions. By carefully controlling the etching time,
we can ensure that the oxide beneath the narrower sections of
the electrode is completely etched, while, beneath the wider
sections, oxide pillars are formed. This results in partially
free-standing or semifloating electrodes, where the EMC can
fill the etched parts and completely wrap around the narrower
parts. Therefore, it confines more of the electric field lines
between the electrodes to pass through the EMC.

A shielding layer is used to minimize the effect of parasitic
capacitance of both electrodes through silicon dioxide. This Al
layer is grounded by its dedicated contact pad. In the back-
end CMOS process, the last metal layer can be used to create
the electrodes. The interdigital electrodes are then coated with
EMC as a dielectric material between two conductors.
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Fig. 4. Simulation in COMSOL Multiphysics. (a) Fringing field study
shown with surface arrows, electric field norm, and field contours.
(b) Electric potential of the electrodes. (c) 3-D simulation domain.
(d) Maxwell capacitance change versus RH.

To further illustrate the effects of moisture uptake, we sim-
ulated the sensor in COMSOL Multiphysics. Fig. 4(c) and (d)
shows the simulation domain in three dimensions and the
Maxwell capacitance change versus RH, respectively. Fig. 4(a)
illustrates fringing field study shown with surface arrows,
electric field norm, and field contours. The electric potential
has also been reported in Fig. 4(b). Due to the symmetrical
pattern of the electrodes, only five electrode pairs have been
considered in the model to simplify the meshing grids and
reduce the simulation time. The IDEs are covered with EMC
as the target packaging material. Furthermore, the shielding
layer is modeled as a thin-film structure with its potential set to
zero, consistent with real-world conditions where the shielding
electrode is connected to the ground. The effect of moisture
is inherently incorporated into the dielectric change of the
molding compound (EMC) itself. The dielectric constant of
the EMC increases with moisture uptake, which is integrated
into the simulation by an experimental equation derived from
the literature. Therefore, the results cannot be directly com-
pared with the experimental results since the EMC material
properties are not identical. The purpose of the simulation
is just to show the concept of a linear capacitance change
with the RH level and to describe the fringe field around the
electrodes.

Several heterogeneous designs with different dimensions
and pitches have been manufactured and tested to optimize
the design and compare with conventional uniform electrodes.
The electrodes have a total length of 445 µm. The detailed
dimensions are illustrated in Fig. 5 and Table I.

C. Fabrication Process Flow
The fabrication process flow is systematically illustrated

in Fig. 6. The process begins with cleaning the wafer and
etching lithographic alignment markers onto silicon wafers.
A metal shielding layer is then deposited to create a ground
layer beneath the sensor electrodes, minimizing parasitic
capacitance and enhancing the relative capacitance change,
thereby improving sensitivity. For this purpose, a 500-nm-thick
aluminum (Al) layer is sputtered at 25 ◦C, chosen to ensure
optically flat layers rather than optimal step coverage. Next, a

Fig. 5. Partial layout of the moisture sensors (MS) with heterogeneous
and uniform electrodes.

2-µm silicon dioxide layer is deposited using plasma-enhanced
chemical vapor deposition (PECVD) as the insulation layer.
The contact via of the shielding layer is then opened using
reactive ion etching (RIE).

The heterogeneous electrodes are created by patterning a
2-µm-thick sputtered Al layer, as shown in Fig. 6(a). However,
any metal compatible with the CMOS back-end metallization
process can also be used. The photolithography process begins
with coating the wafer with photoresist (PR), as shown in
Fig. 6(b), followed by UV exposure and development of the
PR to define the pattern, as detailed in Fig. 6(c). Fig. 6(d)
shows the patterning of heterogeneous metal electrodes by
RIE. The underlying silicon dioxide layer is then etched using
BHF, as shown in Fig. 6(e). Taking advantage of the isotropic
etching behavior of BHF, which removes silicon dioxide uni-
formly in all directions, the etching time is carefully adjusted
to ensure that the oxide beneath the narrower sections of the
electrode is fully etched, while oxide pillars remain beneath
the wider sections. This results in partially free-standing or
semifloating electrodes, allowing the EMC to fill the etched
regions and completely surround the narrower sections. As a
result, more electric field lines are confined within the sensing
material, thereby enhancing the sensor’s sensitivity.

To precisely adjust the etching time used in step F, a test
procedure is defined, as shown in Fig. 7. A 2-µm silicon
dioxide layer is deposited on several test wafers, and a 3.1-µm
photoresist layer is patterned to match the electrode layout.
The test wafers are then exposed to wet chemical etching
for different time intervals, with the timing depending on the
electrode dimensions and the desired depth of the side under-
cuts. Since the photoresist is transparent, the free-standing
silicon dioxide pillars are visible under optical microscopy.
After PR removal, we checked the remaining oxide pillars
with SEM imaging. The data obtained from these tests can
be used to fine-tune the etching time required for the main
wafers.
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TABLE I
SUMMARY OF THE SENSORS’ SPECIFICATIONS AND MEASUREMENT RESULTS

Fig. 6. Fabrication process of in-package RH sensor with hetero-
geneous electrodes. (a) Deposition of the 500-nm aluminum shielding
layer sputtered at 25 ◦C followed by deposition of 2-µm silicon diox-
ide by PECVD. (b) Coating the structure with photoresist (PR) as a
preparatory step for photolithography. (c) UV exposure and development
to define the PR pattern. (d) RIE of Al heterogeneous electrodes.
(e) Stripping of the photoresist using plasma treatment. (f) Isotropic
etching of the underlying silicon dioxide layer using BHF. (g) Controlled
etching process continued until the desired structure was achieved.
(h) Final profile of the etched structure, showing partially free-standing or
semifloating heterogeneous electrodes. (i) Wafer-level packaging where
the electrodes are coated with EMC to fill the etched regions.

The manufacturing steps are further illustrated with SEM
imaging of the device under process at each stage, as shown
in Fig. 8. The final cross-sectional schematic of the device is
shown in Fig. 9.

Fig. 7. Test procedure to adjust the etching time. (a) and (b) Optical
imaging of the test wafer after etching in BHF for 6 min. (c) Laser
imaging of the wafer after etching showing oxide pillars below the PR.
(d) and (e) SEM imaging of the remained oxide pillar after PR removal.

Fig. 8. SEM images illustrating the device at each processing stage,
corresponding to the steps in the fabrication flowchart.

Fig. 9. Final cross-sectional schematic of the device (a) along line A-A’,
illustrating key structural components and (b) along line B-B’.

We also developed sensors with uniform interdigital elec-
trodes to compare their performance with the new design.
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Fig. 10. Fabrication process of the in-package RH sensor with uniform
electrodes.

The process flow for these sensors is shown in Fig. 10.
As described in steps III and IV, the underlying silicon dioxide
was over-etched using wet chemical etching, creating under-
cuts along the horizontal direction. These undercuts provide
additional space for the EMC to flow around the metal fingers,
enhancing the sensor’s performance.

This capacitor, compared to the conventional sensor with
uniform electrodes, is particularly advantageous since some
parts of the electrodes do not have an insulating layer directly
below it, meaning that in those intermediate free-standing
spaces, there is extra room for encapsulation material to flow
around the electrodes, so the capacitive sensor can precisely
sense the properties of the molding compound. The design
maximizes the electric field lines passing through the EMC.

D. Manufacturing of SU-8 Rims to Protect the Bonding
Pads

To proceed with further wafer processing, the wafers must
be coated with EMC during the molding process. However,
the wafer-level packaging (WLP) process would completely
cover the wafer, including the bonding pads. To protect
these pads before molding, we introduced an additional
step to create through-polymer rims (TPRs) around the pad
areas with a height of 200 µm. These enclosing rims were
formed using SU-8 3050, as shown in Fig. 11. SU-8 is a
commonly used photosensitive, epoxy-based negative photore-
sist [16]. The 200-µm-thick SU-8 3050 was manually coated
in two successive steps to achieve a uniform thickness within
the range of ±10 µm, which is necessary for successful
WLP.

During each step, manual coating, baking, exposure, and
development have been performed to create through-polymer
rims. Soft baking was done at 95 ◦C for 45 min after each
spin-coating step. To reach the acceptable layer uniformity
for a successful WLP, the outer ring of the wafer was

Fig. 11. RH sensor chip layout comprising. (a) SU-8 enclosing rims.
(b) Unmolded area is highlighted. (c) 3-D sketch of the chip. (d) Molded
area is highlighted.

Fig. 12. SEM imaging of RH sensors and SU-8 rims.

excluded from the exposure, which creates the most thickness
nonuniformity. After ultraviolet (UV) exposure for 120 s,
the postexposure bake (PEB) was carried out at 65 ◦C for
1 min and 95 ◦C for 5 min. Therefore, exposed parts were
cross-linked, and unexposed parts were removed by propylene
glycol methyl ether acetate (PGMEA) during 20-min-long
development. Finally, the patterned layer was hard-baked at
150 ◦C for 2 h. The SEM imaging of the processed SU-8 TPRs
after hard-baking is illustrated in Fig. 12.

E. Molding Process Flow
The structure is then molded by EMC as the sensing

dielectric material. In order to provide sufficient space for the
EMC to flow completely between the SU-8 rims, the center-
to-center pitch 6 mm is considered between the dies. The final
wafer layout is illustrated in Fig. 13, and the process flow is
described in Fig. 14. The molding process has been carried out
by Boschman B.V., The Netherlands. The results are shown
in more detail in Fig. 15.
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Fig. 13. 100-mm wafer layout with 6-mm pitch size.

Fig. 14. Processing TPRs before wafer-level packaging.

Fig. 15. Molded wafer with through-polymer rims (TPRs) that prevent
EMC from covering the bonding pads.

Fig. 16. (a) Wafer molding process. (b) Dicing process. (c) Wire bonding
of the chip to the PCB.

III. MEASUREMENT AND EXPERIMENTAL RESULTS

A. Assembly Process and Measurement Setup
Nine 100-mm wafers were processed, each corresponding

to a specific design, as shown in Fig. 4. After molding, the
wafers were diced along the TPRs to optimize the length of
the bond wires. The steps of molding, dicing, and assembly
are illustrated sequentially in Fig. 16.

To prepare the measurement setup, a PCB was designed
using Altium Designer and manufactured by Eurocircuits N.V.,
a company specializing in PCB manufacturing in Belgium.
The design considers numerous holes on the surface of
the PCB, so the humidity can flow around the chip more

Fig. 17. Final DUT with the wire-bonded chip mounted on the PCB.

Fig. 18. (a) Semiautomatic probe station. (b) Device under test
(DUT) [17].

efficiently. Moreover, SMB connectors have been used in order
to reduce noise and enhance the accuracy of the capacitance
measurements. The final device wirebonded to the PCB is
illustrated in Fig. 17.

B. Results and Discussion
The manufactured wafer comprises 70 dies

(6 mm × 6 mm). Each die contains six capacitive sensors.
Each sensor covers an area of 480 µm × 620 µm. Before
running the experiments, the nominal capacitance of the
device is measured using a wafer-scale semiautomatic probe
station, which is shown in Fig. 18. The capacitance was
measured before and after molding, extracting the equivalent
parallel capacitance, parallel conductance, and parasitic
capacitance.

For example, MS1 exhibited capacitance values of 1.54 pF
before molding and 5.85 pF after molding. A similar trend
was observed for other sensors. The relative dielectric con-
stant is increased by approximately a factor of 4 after EMC
molding. Furthermore, Fig. 19 illustrates the tolerance of the
MS4 capacitance under varying bias voltages. The capacitance
remains stable within the range of 5.85–5.86 pF, with a
variation of less than 7 aF, demonstrating its stability and
robustness. A similar trend was observed for other sensors.

Before molding, no short circuits were detected in the
fabrication yield. However, postmolding inspection revealed a
few devices with shorted metal electrodes. These short circuits
are likely caused by EMC flow between the metal fingers
during molding, resulting in cracks or direct electrical contact
between adjacent conductors. The results and processing yields
are summarized in Table I.

To measure real-time capacitance, the Smartec universal
transducer interface (UTI) has been employed. The UTI chip
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Fig. 19. MS4 calibration after molding. (a) Parallel capacitance.
(b) Parallel conductance [17].

Fig. 20. Experimental setup inside the climate chamber with the device
under test connected to the UTI evaluation board via SMB cables. The
UTI PCB interfaces with LabVIEW for sensor readout.

used in the evaluation board is the UTI-1610-21914-0177-E-
1123 model [17]. This evaluation board is an analog front
end designed in [18] to interface directly with various pas-
sive sensors, including capacitive types. It converts low-level
sensor signals into a period-modulated signal compatible with
microcontrollers, enabling accurate measurements without the
need for additional electronics [19]. In our experiment setup,
shown in Fig. 20, the UTI board was confined to a metal box,
which eliminates ambient noise and improves measurement
accuracy. The UTI board interfaces with LabVIEW for auto-
mated measurements and signal processing.

The humidity experiments were conducted using the
Vötschtechnik ClimeEvent C/180/70/3, a compact climate
chamber designed for precise environmental testing [20].
The climate chamber is equipped with reference sensors to
accurately measure both temperature and humidity. These inte-
grated sensors enable the chamber to maintain and monitor the
desired environmental conditions during testing. We conduct
in situ reliability experiments by setting the temperature and
humidity of the chamber to specific values and then observing
the sensor’s behavior over a sufficient period to ensure that the
EMC absorbs the humidity and reaches equilibrium, allowing
the sensor output to stabilize. We then gradually increase the
humidity and take measurements until we reach the maximum
limit of the climate chamber’s range. Afterward, we return to
the starting point and observe the sensor output to assess the
hysteresis behavior.

Fig. 21. Transient response of sensor MS5 with heterogeneous
electrodes.

Fig. 22. (a) Response time. (b) Recovery time of sensor MS5 with
heterogeneous electrodes.

The in-package sensor is specifically designed and manu-
factured to monitor the reliability of the packaging material
(EMC). To evaluate its performance, nine chips with different
layouts (MS1 to MS9), each comprising six sensors, were
prepared and subjected to calibration tests for in situ reliability
monitoring in the climate chamber. We exposed the packaged
sensors to controlled RH levels of 10%–90% and temperature
range of 10 ◦C–50 ◦C in the climate chamber. The RH range
was chosen based on the standard operating conditions of the
equipment. The temperature was set to 50 ◦C to access the full
RH range, while measurements at room temperature limit the
RH range to above 50%. The SMB cables, twisted in pairs,
connected the measurement board to the sensor PCB inside
the climate chamber, as shown in Fig. 20. Each measurement
point took several hours to ensure that the water diffusion
process was complete and the capacitance value stabilized.
The RH and temperature of the chamber were recorded and
controlled precisely using reference sensors located inside the
chamber. The transient response of sensor MS5 with hetero-
geneous electrodes is shown in Fig. 21. The measurement
was conducted by sweeping the RH from 10% to 90% and
then returning to 10%. During this period, we observed stable
results with no deviation from the expected trend in the sensor
outputs. The response time and the recovery time of the sensor
are illustrated in Fig. 22(a) and (b), respectively. However,
the transient response does not reflect the in-package sensor’s
actual response time, as humidity absorption in the 200-µm
EMC is slow to reach the sensor’s active area. The reported
response and recovery times only represent the water diffusion
process in the EMC, not the sensor’s speed.

The recorded data were analyzed using a LabVIEW pro-
gram. Real-time capacitance measurements were collected
with an approximate sampling time of 66 ms. The program
averaged the data over each ten sampling points and reported
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Fig. 23. (a) Capacitance measurement results of the sensor MS4 with
uniform electrodes in a climate chamber under varying RH. (b) Relative
capacitance change.

Fig. 24. (a) Capacitance measurement results of the sensor MS5
with heterogeneous electrodes in a climate chamber under varying RH.
(b) Relative capacitance change.

real-time and average capacitance values, chamber tempera-
ture, and RH over time. The average data showed a standard
deviation of 1–5 fF.

The performance of sensors with uniform and heteroge-
neous electrode designs is summarized in Table I. Sensors
are compared based on their measured sensitivity, as defined
in (2). The sensitivity values are extracted from the average
experimental data and the linear fit equations obtained from the
measurements. The values are used to evaluate the improve-
ment achieved by the proposed design. A total of 54 sensors
were measured, showing the expected trend and confirming
the reproducibility and robustness of the design. Some samples
were excluded from the analysis due to short connections that
occurred during the molding process, as previously described.
The measurement results shown in Figs. 23 and 24 confirm the
higher sensitivity of the sensor with heterogeneous electrodes,
with the sensitivity improving from 6.9 to 12.3 fF/%RH. The
results also include the relative capacitance change versus
RH and the corresponding linear fit equations, demonstrating
a 20% increase in relative capacitance change. The total
capacitance change over the measured humidity range reached
a significant value of more than 1 pF

Sensitivity =
1C

1RH(%)
. (2)

The hysteresis behavior is evaluated in Figs. 23(c)
and 24(c). As can be seen in the RH level of 80%–90%, non-
linearity has been observed at the data points. This deviation
from linearity is probably attributed to the substantial swelling
of the sensing material as a result of water absorption. This
effect has been verified using the mass measurement of the
devices under test, as reported in Fig. 25.

Fig. 25. Mass measurements of bare dies at 50 ◦C.

Fig. 26. MS4 and MS5 capacitance variation with temperature.

Fig. 27. MS5 sensor’s behavior under varying RH levels at different
temperatures.

MS1 exhibits higher sensitivity due to its finer pitch and
width (1 µm), maximizing the capacitance value within a
given area. However, a fair comparison with the heteroge-
neous design having the same pitch would result in improved
sensitivity by optimizing the electrode geometry, enabling
more efficient use of the electric field. In addition, tem-
perature effects should be studied to ensure a consistent
linear response, allowing for proper calibration during reli-
ability tests. To verify this, the capacitance at 70% RH was
monitored while the temperature varied within the range of
10 ◦C–50 ◦C. This temperature range is achievable only when
RH is above 70% under standard operating conditions. The
effect of temperature on the performance of MS4 and MS5
are reported in Figs. 26 and 27. The behavior of the MS5
sensor is recorded at room temperature, with additional curves
at higher temperatures. The proposed device supports a wide
temperature range, as it is CMOS-compatible, has no active
components, and relies on electrostatic sensing, function-
ing within the full CMOS package limits. After calibration,
the sensor enables reliability monitoring by measuring its
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capacitance, which directly reflects the relative humidity level
and moisture content within the package.

IV. CONCLUSION

Unlike conventional humidity sensors that measure ambient
RH, the proposed in-package RH sensor provides real-time
data on EMC moisture content, making it easier to assess
package reliability over time.

The design directly uses EMC as the sensing layer, encap-
sulating the electrodes during standard packaging. To improve
sensitivity, a heterogeneous electrode design is introduced.
By carefully controlling the etching time with BHF, the oxide
under the narrower electrode sections is fully removed, while
the wider sections remain supported by oxide pillars. This
creates semifloating electrodes, allowing EMC to completely
surround the etched regions. As a result, more electric field
lines pass through the sensing material, improving sensitivity
and ensuring accurate moisture detection.

Experimental results show that the proposed sensor out-
performs existing solutions. A comparison between the
uniform IDE design (MS4) and the new heterogeneous design
(MS5) confirms that the sensitivity increased from 6.9 to
12.3 fF/%RH, with a 20% increase in relative capacitance
change.

The proposed in-package test sensor can be further opti-
mized for packaging reliability tests. Its CMOS compatibility
allows integration with CMOS electronics for system-in-
package (SiP) reliability monitoring. The sensor can be
fabricated with different epoxy compounds, enabling broader
material studies and applications across various packaging
technologies. In addition, the sensor can also contribute to
studying EMC aging and RF applications, where dielectric
constant changes affect signal attenuation, offering insights
into semiconductor package reliability under RF stress. Sensi-
tivity can be further improved by refining the electrode design
with finer features and an asymmetric heterogeneous structure
to enhance electric field confinement. The proposed sensor
can also be monolithically integrated with the thermal test
chip (TTC) in [21] and [22] to support multidomain reliability
testing, where the TTC’s temperature sensor can compensate
for RH sensor drift.
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