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Abstract—Residual  stresses  inevitably  develop in
thermosetting materials used for semiconductor packaging during
the curing process and in service. Understanding the development
of these deleterious stresses is necessary for improving predictive
models and engineering design. Here, we present a suite of
metrologies and methodologies, including advanced thermal
analysis, rheological characterization, shrinkage, and evolved
stress measurements, to link residual stress development with
fundamental material properties in a commercial liquid
encapsulant.

Keywords—liquid encapsulant, cure kinetics, rheology, cure
shrinkage, residual stress

I. INTRODUCTION

Semiconductor  packaging materials are typically
thermosetting polymer formulations with multiple components.
In these materials, residual stresses develop during the curing
process and are closely linked with the reaction kinetics, liquid-
to-solid transition, and cure-induced shrinkage [1]. Residual
stresses continue to evolve in the cured material in response to
hygrothermal conditions during service [2]. Characterizing these
behaviors is often challenging due to the complex formulations
used in the semiconductor industry. However, understanding the
development of residual stresses is necessary to inform
predictive models and thus improve the engineering design and
manufacturing productivity of semiconductor assemblies.
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Here, we present a suite of advanced metrologies and
methodologies to measure and analyze the fundamental material
properties of a commercial liquid encapsulant. Thermal analysis
is used to measure and accurately model the cure kinetics for
complex mechanisms. Rheological measurements supplement
the cure kinetics study and are used to identify the liquid-to-solid
transition during curing. Thin film curvature measurements
demonstrate that this transition accurately predicts the
development of residual stress caused by the observed cure-
induced shrinkage. Stress measurements on the post-cured
material further reveal the effect of hygrothermal conditions on
the mechanical response. Taken together, this metrology suite
ties fundamental to part-scale measurements for a holistic
understanding of the evolution of residual stresses during curing
and in service, an essential step for improving predictive models.

II. EXPERIMENTAL

A. Chemical Composition

All experiments are performed on a commercial liquid
encapsulant designed for semiconductor devices. As shown in
Table I, the formulation comprises multiple epoxy resins with
varying concentrations. It also includes a reactive diluent to
reduce the resin viscosity while still participating in the curing
process [3], an adhesion promoter to couple organic and
inorganic components [4], and inorganic silica fillers to match
the coefficient of thermal expansion of the encapsulant with
other device components [5]. The latent curing agents inhibit
the curing of epoxy resin to prolong the processing time of the
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TABLE L.

CHEMICAL COMPOSITION OF COMMERCIAL LIQUID ENCAPSULANT

Name (information provided by supplier in safety data sheet) Description Mass fraction (%)
Formaldehyde, oligomeric reaction products with 1-chloro-2,3-epoxypropane and phenol Epoxy resin 21-30
4,4’-isopropylidenediphenol/epichlorohydrin copolymer Epoxy resin 0-5
p-(2,3-epoxypropoxy)-N,N-bis(2,3-epoxypropyl)aniline Epoxy resin 0-5
[[(2-ethylhexyl)oxy]methyl]oxirane Epoxy reactive diluent 0-5
Silane,trimethoxy|[3-(oxyranylmethoxy)propyl]- Epoxy silane adhesion promoter 0-5
Guanidine,cyano- Amine latent curing agent 0-5
1,3,5-Triazine-2,4,6( I}E;:;I;Slszzgilgizacz?rﬁ?i 42:;3;?:-((12_1“)1 cthyl-1H-imidazol-1- Imidazole-based latent curing agent® 0-5
Silica Inorganic filler 61-70
Carbon black Inorganic filler 0-5

 Compound is comprised of a cyanuric acid component and an imidazole component modified to include primary amine functional groups.

material [6]. The encapsulant is stored in a freezer at -40 °C and
allowed to thaw to room temperature before use.

B. Curing Schedule

The stress and strain developed in polymeric materials are
dependent on the curing process. Therefore, all samples are
cured in air according to the supplier recommendation of
60 min at 100 °C followed by 60 min at 165 °C. Rheological
experiments to determine the liquid-to-solid transition are
performed at 100 °C for 100 min.

III. METROLOGY SUITE

A. Differential Scanning Calorimetry for Cure Kinetics

Differential scanning calorimetry (DSC) is widely used
within the semiconductor community to investigate the cure
kinetics of electronic packaging materials [5], [7]-[9]. Prior
work by Tao et al. [7] outlines several best practices for DSC
measurements on epoxy molding compounds, which we
implement to study the liquid encapsulant. All measurements
are performed using a DSC equipped with a refrigerated
cooling system under nitrogen purge gas. About 10 mg to
15 mg of uncured encapsulant samples are sealed in 40 pL
hermetic pans for measurement. The heat flow (Q) is measured
as a function of temperature (7) by heating samples from -40 °C
to 300 °C at constant heating rates 3 =(0.5, 1, 5, and 10)
°C min’!. The standard uncertainties for temperature and heat
flow are approximately + 1 % and + 3 %, respectively. The
degree of cure or conversion as a function of temperature,
o(T) = [ QdT/BAHy , is calculated by integrating the
exothermic reaction peaks starting from a temperature below
the onset of the reaction, dividing by the total heat of reaction
(AHT), and normalizing by the heating rate. The conversion rate
is given by dovdt. To replicate the recommended curing
schedule, we perform an isothermal DSC test at 100 °C for 60
min, followed by a second isothermal test at 165 °C for 60 min.
Model-based kinetics analysis and simulation are performed
using a commercial software following ICTAC
recommendations for the analysis of multi-step kinetics [10].

B. Rheometry for Liquid-Solid Transition

Rheometry is a versatile technique for measuring the time-
evolving material properties of various materials, including
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viscoelastic liquid encapsulants. Using a rotational rheometer,
we measure the viscoelastic storage (G') and loss (G") moduli
of the uncured encapsulant by deforming a small sample
between two 8-mm disposable aluminum parallel plates
according to a user-defined oscillating profile of strain
amplitude (y) and angular frequency (o). The instrument has a
minimum resolvable torque of £0.05 uNm and angle of
+ 0.04 prad. The storage and loss moduli represent the elastic
and dissipative behavior, respectively, and arise due to the
stress-strain phase lag inherent to viscoelastic materials. We
identify the critical strain below which the viscoelastic moduli
are strain-independent, i.e., the linear viscoelastic region [11],
by conducting amplitude sweep experiments where y is varied
from 0.1 % strain to 100 % strain at isothermal temperatures up
to 100 °C. The critical strain is temperature-dependent, with the
lowest value (y = 0.3 % strain) occurring at 100 °C. Therefore,
we maintain the strain amplitude well below this critical value
in consecutive experiments to measure the linear viscoelastic
moduli.

To investigate the temperature evolution of the moduli
during the first heating ramp, we heat a sample from nominally
40 °C to 100 °C at 5 °C min’, hold at 100 °C for 5 min, then
cool back down to 40 °C at 5 °C min’!. As will be further
discussed in a later section, the material exhibits rapid gelation
kinetics, which makes it difficult to identify the liquid-to-solid
transition. Therefore, we use a nascent approach called
optimally windowed chirps (OWCh), which involves applying
a frequency-varying deformation profile to obtain
measurements at significantly faster acquisition times
compared to the classical single-frequency method [12]. The
OWCh parameters can be designed to apply much lower strain
amplitudes than rapid 'multiwave' methods [13], allowing for
measurements well below the critical strain. We measure the
time evolution of the moduli at 100 °C by continuously
applying a modulated deformation profile, where y << 0.3 %
strain and o is varied from 0.9 rad s! to 25.2 rad s™.. The time
corresponding to the liquid-to-solid transition is defined when
the loss tangent, tand = G"/G", is independent of frequency [12].

C. Digital Image Correlation for In-situ Strain Measurement

We use a stereo-digital image correlation (DIC) system to
measure the strain development in the liquid encapsulant during
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curing. The system consists of a custom, convective
environmental chamber equipped with an antireflective coated
viewing window (approximately 300 mm square) and fans to
mix air to avoid thermal gradient artifacts (Fig. 1a). A pair of
24.4 MPx cameras (exposure time 19 ms) with 50 mm lenses
(f/16) is mounted in a custom stereo fixture (stereo angle -18.2°,
stand-off 241 mm). The cameras are synchronized and
triggered with a data acquisition system. Lighting is provided
by three light emitting diode panels with frosted diffusers.
Stereo calibration is conducted in the oven volume with the lid
removed prior to the experiment. Uncured material
(approximately 600 mg to 800 mg) is placed on a thin
polyetherimide backer to minimize the effect of boundary
conditions and allowed to self-level at room temperature for
about 5 min. The sample is black and thus speckled with the
minimum necessary matte white spray paint to produce a high-
contrast pattern required for DIC analysis. Within about 15 min
of speckling, the specimens are cured in situ with images
collected at 0.5 Hz before and during the recommended curing
schedule.

Stereo-DIC analysis is conducted using a commercial
software in accordance with the International Digital Image
Correlation Society’s Good Practices Guide [14]. The analysis
parameters are listed in Table II. A region of interest
(approximately 910 px x 895 px with 1.23 pm px™') is defined
on the flat area of the specimen, avoiding any regions with
visually obvious aberrations. The Green-Lagrange Q4 strain
fields (g;;,) for each time step are spatially averaged (mean +

standard deviation) and the vector magnitude is computed for
is taken to be the bulk strain

each time point. This strain | €ij,

associated with cure shrinkage convolved with thermal strain.
The measurement uncertainty is defined as the geometric sum
of the noise floor (22.4 um m™) and standard deviation of the
strain from the spatial averaging, since the cure shrinkage strain
field is nominally homogeneous.

TABLE II. DIC HARDWARE AND SOFTWARE PARAMETERS

Parameter [unit] Value

Image filtering Gaussian 5 px kernel

Reference image Cumulative with update for iteration > 6

Interpolation Bi-cubic spline

Zero-normalized sum-of-square differences

Matching criterion . . A
ching criterto with Gaussian weighting

Subset size [px] 41
Step size [px] 19
Subset shape function Affine
Strain Window 21
Virtual strain gauge [px] 421

Environmental chamber

Cured film Substrate
Fig. 1 Schematics for test setups. (a) DIC setup using a camera pair
focused on the uncured encapsulant to track strains during curing.

(b) Setup to measure the curvature of a cured encapsulant film cast
on a silicon cantilever using a multi-beam optical stress sensor.

D. Thin Film Curvature for Residual Stress Measurement

We investigate the residual stress in the cured encapsulant
in response to varying hygrothermal conditions by measuring
the curvature of thin films cast on a cantilever substrate. The
sample is prepared by blade-coating a film of the uncured
material (78.9 cam + 12.7 oam thick) onto a cantilever (4 mm
wide x 35 mm long % 583.3 oan + 0.6 oam thick) diced from a
silicon wafer (100). The coated cantilever is then cured in an
oven according to the recommended curing schedule. The cured
sample is dried at 65 °C for 48 h under vacuum and then
mounted in a 25 mL Pyrex chamber. A digital hygrothermal
sensor is placed near the sample to measure the environmental
temperature and relative humidity (RH). The sample
environment is dried to approximately 2 % RH by flowing dry
air into the chamber. Then, a computer-controlled Joule heating
element located inside the chamber executes repeated heat-cool
cycles by heating to 65 °C, then cooling to 35 °C under reflow
of dry air.

The sample curvature is simultaneously monitored using a
commercial multi-beam optical stress sensor. The optical
sensor generates a 3 x 1 array of laser beams that reflect off the
cantilever substrate and into a charge coupled device (CCD)
video camera. The curvature is measured by,
k= (D —Do/Do) (cos®/2L), where D is the average spacing
between adjacent laser spots in the reflected array, Do is the
average spacing for a flat substrate (k = 0), L is the distance
between the cantilever and CCD, and 0 is the angle of incidence
(Fig. 1b). The curvature resolution is typically 2 x 10* m’!, or
5 km radius of curvature [15]. The film stress (o) is calculated
from the cantilever curvature using Stoney’s formula for an
arbitrary thickness and modulus ratio between the film (f) and
substrate (s) [16],

_KhiMg 1+h
"~ 6heA; Tt 14 hm(4 + 6h + 4h?) + h*m?

o

1)

where i = hy/hs is the thickness ratio and m = My/Ms is the
biaxial elastic modulus ratio. The biaxial elastic modulus,
M=E/(1-v), is a function of Young’s modulus (E) and
Poisson’s ratio (v). The reported elastic properties of the silicon
substrate are Es = 130 GPa, vy = 0.28, and M, = 181 GPa [15];
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the assumed properties of the encapsulant film are
Er=3.99 GPa [17], vr = 0.35, and My = 6.14 GPa. The stress
resolution corresponding to the curvature resolution is
approximately 0.02 MPa.

For a material undergoing elastic deformation, the stress is
related to strain according to Hooke’s law, 6 = M ¢. The elastic
strain developed in the film as the cantilever is thermally cycled
is e=(as —ay ) A7, where osand oy are the coefficients of
thermal expansion of the silicon substrate and encapsulant film,
respectively, and A7 is the temperature change [15]. Taken
together, the relationship between film stress and temperature
is given by, o = My (os— or) AT.

Similar film curvature measurements are performed by
industry collaborators using a polished 100-mm silicon wafer,
spin-coated with the uncured encapsulant (approximately 30
oan thickness). The wafer curvature is measured as the
encapsulant cures, then as the cured sample is cooled to 25 °C,
and finally as the cured sample is heat-cooled between 25 °C
and 150 °C for three cycles. This sample is left under ambient
conditions for one month, then the wafer curvature is
remeasured as the sample is heat-cooled between 25 °C to 200
°C for two cycles. The film stress is calculated from the wafer
curvature using Stoney’s formula (Eq. 1).

E. Water Sorption-Desorption Measurements

Isothermal mass changes in a cured encapsulant sample due
to water vapor sorption or desorption at set % RH are measured
using an automated vapor sorption analyzer at ambient pressure
and with nitrogen (99.999 % purity) as the carrier gas. The
desired % RH is obtained by continuously mixing a dry
nitrogen flow with a humid nitrogen flow. The instrument has
a = 0.1 pg mass resolution and a = 1 % RH control standard
uncertainty based on manufacturer specifications. A sample
with an initial mass of approximately 21 mg is first conditioned
for 360 min at 65 °C under pure nitrogen flow (0 % RH). For
sorption experiments, the sample environment is then set to 60
% RH for approximately 630 min at an isothermal temperature
(25 °C and 50 °C). Then, the sample environment is set to 2 %
RH for approximately 360 min at the same isothermal
temperature to investigate the desorption behavior. Mass
changes during the sorption-desorption experiments are
calculated relative to the dry mass measured at the end of the
conditioning stage.

IV. RESULTS AND DISCUSSION

A. Measurement and Modeling of Complex Cure Kinetics

The DSC heat flow responses at different heating rates,
B=1(0.5, 1, 5, and 10) °C min’', reveal the complex, multi-step
cure kinetics of the uncured encapsulant. At higher heating
rates, the reaction curves shift to higher temperatures, but the
shapes of the exotherms are consistent, indicating that the
material undergoes a similar reaction mechanism across all
rates tested (data not shown for brevity). Fig. 2a shows the
calculated conversion rate for the B=10°C min'
measurement. The results indicate that at an onset temperature
near 130 °C, a primary curing reaction peak gradually
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increases, develops two narrow shoulders, and crests at around
160 °C. The conversion rate then decelerates, and the primary
reaction completes at approximately 200 °C. The
shape/behavior of the convoluted exotherm highlights the
complexity of the curing kinetics of multi-component
formulations (Table I). Following the primary reaction peak, a
second broader reaction peak emerges and tails off around
300 °C. Based on the peak characteristics, we fit the
experimental data for all four tested heating rates using a four-
step reaction model by optimizing the fit to the heat flow signal
(best fits for each step and the overall fit are shown in Fig. 2a).
The model fit closely matches the experimental data across the
entire temperature range with R? = 0.9994.

The materials data sheet provided by the supplier suggests
that these curing reactions are initiated by the thermal activation
of one or both latent curing agents in the encapsulant
composition, i.e., the amine- and/or imidazole-based agent(s)
(Table I). Since the amine latent curing agent reacts with epoxy
at elevated temperatures around 180 °C [18], we assume that
the convoluted reaction observed between 130 °C and 200 °C
likely arises from the thermal activation of the imidazole-based
latent curing agent. This imidazole-based compound contains
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Fig. 2 DSC measurements and cure kinetics modeling. (a) The
conversion rate calculated from the heat flow response for
=10 °C min’". The inset shows the conversion curve for the same
data. The open circles represent experimental data and the lines are
fits to a four-step reaction model (R? = 0.9994 for the overall fit).
(b) DSC heat flow responses (left y-axis) and conversion (right y-
axis) during the recommended curing schedule. The experimental
measurements and model prediction of the heat flow response are
represented by the dashed blue lines and solid green line,
respectively. The red open circles represent the predicted
conversion.
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active hydrogens that readily react with epoxy at moderate
temperatures around 75 °C; however, this reaction is relatively
slow [19]. At elevated temperatures of around 110 °C, the
compound dissociates and frees an imidazole, which
autocatalyzes the reaction with epoxy. This reaction proceeds
rapidly and completes within minutes [20]. Therefore, the onset
of the convoluted reaction peak can be attributed to low-
temperature, slow epoxy curing with active hydrogens. The
higher-temperature apex can be attributed to an imidazole-
catalyzed, self-accelerating epoxy reaction. The conversion
curve (Fig. 2a inset) shows that rapid conversion to
approximately 80 % occurs near the sharp apex, suggesting that
the convoluted primary reaction peak is dominated by the
imidazole-catalyzed reaction.

We next investigate the cure behavior of the encapsulant
during the recommended curing schedule. Fig. 2b shows the
experimental data and four-step reaction model prediction of
heat flow as a function of time. The measured results indicate a
small amount of heat generated during the first isothermal dwell
at 100 °C, implying limited reaction activity. The bulk of the
reaction occurs during the temperature ramp to 165 °C, as
observed by the sharp exothermic peak starting around 60 min.
Using the reaction model, we also predict the degree of
conversion during the curing process (Fig. 2b). The predicted
conversion profile shows that the reaction onset occurs after
30 min, and achieves under 20 % conversion by the end of the
first dwell at 100 °C. By the end of the second dwell at 165 °C,
the conversion levels off at approximately 87 %, indicating a
slow reaction beyond this point caused by additional reactions
of the imidazole-based curing agent [20].

B. Liquid-to-Solid Transition Governs Effective Cure
Shrinkage

Rheological measurements on the wuncured liquid
encapsulant elucidate the temperature evolution of material
properties and supplement the DSC measurements. Fig. 3
shows how the viscoelastic moduli change as the material is
slowly heated to 100 °C and then cooled back to 40 °C. At the
start of the experiment, the uncured encapsulant is a liquid with
G' < G". During the heating ramp, G’ crosses G", which
suggests the onset of a curing reaction. G' remains greater than
G"upon cooling, indicating that the modulus crossover was due
to an irreversible chemical process during heating. The
irreversibility of the crossover is also illustrated by the
appearance of a slightly more solid-like sample at the end of the
experiment compared to the start (see inset images in Fig. 3).
This modulus crossover, observed at approximately 85 °C, is
likely caused by a chemical reaction between active hydrogens
and epoxy, which occurs at moderate temperatures around
75°C [19], [20]. In contrast, our DSC measurement (at a
comparable heating rate of p = 5 °C min!) shows that the onset
of the first exothermic peak corresponding to the active
hydrogen reaction pathway does not occur until at least 120 °C.
Since the encapsulant is highly filled with chemically inert
silica particles, it is possible that the heat released by a small
amount of reactive material is below the DSC sensitivity and
thus not resolved in measurements. This also suggests that only
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Fig. 3 Temperature-evolution of G’ and G” in the uncured
encapsulant during the first temperature ramp to 100 °C. The insets
show optical images of the uncured encapsulant at the start and end
of the test. The uncertainty of each measurement is at most + 7 %,
except between 70 °C and 80 °C where G" reaches a minimum and
uncertainty is at most = 20 %, which is small compared to the
exponential growth of the moduli.

partial curing occurs upon heating to 100 °C, implying that the
sample has formed a weak network of particle contacts and
chemical crosslinks that is not strong enough to support residual
stress.

The encapsulant will begin to accumulate residual stress
when it transitions to solid-like behavior by forming a network
of crosslinks that does not depend on easily broken particle
contacts [12]. However, the traditional criterion of using the
G'-G" crossover to identify the liquid-to-solid transition cannot
be applied to this material since G’ surpasses G" during the
ramp to 100 °C (Fig. 3). Instead, we use OWCh measurements
to identify the transition by determining when the loss tangent
becomes independent of frequency [12]. Fig. 4a presents the
evolving frequency-dependent loss tangent of an uncured
sample held at 100 °C. We observe that the liquid-to-solid
transition occurs after 60 min, suggesting that the material does
not solidify during the first isothermal dwell in the curing
schedule. Therefore, we expect residual stress to evolve only
during the second isothermal dwell at 165 °C.

From DIC measurements, we find that residual strains begin
to accumulate in the uncured encapsulant at two stages: during
the first isothermal dwell at 100 °C and around the liquid-to-
solid transition identified by OWCh measurements (Fig. 4b).
Two competing mechanisms for residual strain development in
curing thermosets are thermal expansion and volumetric
shrinkage due to chemical crosslinking, i.e., cure shrinkage.
Using the reported oy of the cured material, we predict around
0.1 % strain due to thermal expansion during the 100 °C dwell.
However, DIC measurements indicate a total strain magnitude
well above 0.1 % strain after 10 min into the isothermal dwell,
indicating that the dominant mechanism for strain development
is cure shrinkage. This observation agrees with our DSC cure
kinetics model, which predicts conversion during the 100 °C
dwell (Fig. 2b). DIC measurements further reveal that cure
shrinkage increases during the ramp to and initial dwell at
165 °C, which correlates well with the DSC model prediction
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Fig. 4 Time-evolution of material properties in the uncured
encapsulant. (a) The loss tangent is measured at 100 °C. The liquid-
to-solid transition is indicated by the solid red line. OWCh
measurements were directly compared to slower traditional
frequency sweeps using a non-curing, but rheologically similar,
resin (i.e., with G'> G"), which revealed an error of approximately
+ 10 % for OWCh measurements. (b) The Green-Lagrange strain
magnitude is measured during curing. The yellow and orange
regions indicate the isothermal dwells at nominally 100 °C and
165 °C, respectively. Gaps exists where extensive decorrelation
occurred. The shaded gray area represents the expanded uncertainty
about the mean strain value. (c) Stress measurements are performed
on a thin-film coated wafer during the curing process (grey solid
line), post-cure thermal cycling to 150 °C (dotted green line), and
post-cure thermal cycling to 200 °C (dashed orange line).

of rapid conversion during this temperature transition (Fig. 2b)
as well as the OWCh identification of the liquid-to-solid
transition at approximately 67 min (Fig. 4a). At the end of the
165 °C dwell, we measure a stable cure shrinkage of about
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4 % strain. Any accumulated strain in the material beyond the
liquid-to-solid transition develops residual stress and is referred
to as the “effective cure shrinkage” [1]. As expected, in situ thin
film curvature measurements show that the encapsulant begins
to accumulate residual stress around the isothermal dwell at
165 °C (Fig. 4c¢). Therefore, the effective cure shrinkage of the
encapsulant is roughly 2 % strain.

C. Residual Stress Under Hygrothermal Conditions

Finally, we investigate the mechanical response of the cured
encapsulant film cast on a silicon substrate to changing
hygrothermal conditions. The cantilever sample initially bows
away from the optical sensor (as depicted in Fig. 1b), indicating
a tensile stress state in the film arising from both effective cure
shrinkage and thermal contraction caused by cooling to room
temperature. Fig. 5a presents the measured film curvature over
10 heat-cool cycles and reveals a reproducible response,
indicating that the film behaves elastically over the test
duration [15]. The magnitude of the tensile stress decreases
during the heating intervals due to the oo mismatch between the
encapsulant film (or =15 x 10 K!, value reported in the
materials data sheet) and silicon substrate (os = 2.6 x 10 K!
[15]). In other words, the thermal expansion of the film is
constrained by the substrate, which develops a compressive
stress that relieves some of the tensile stress in the film.

After the first thermal cycling test, the sample was left in
the setup for 5 days under ambient conditions before rerunning
the experiment. The curvature measured at the start of this
second test is less than the initial curvature of the dried case
(indicated by the dashed red line in Fig. Sb). The film curvature,
and thus the tensile film stress, accumulates in the
unconditioned sample over 14 heat-cool cycles and eventually
approaches the response measured in the dried test. Two
mechanisms that could influence the film stress are residual
curing and water uptake. Our DSC heat flow measurement on
the cured encapsulant does not show residual curing below
150 °C. Furthermore, any residual curing will further the
volumetric shrinkage of the material and thus increase the
magnitude of the curvature/stress [1], which contradicts the
behavior observed in Fig. Sb. Conversely, water vapor sorption
studies on silica-filled polymers demonstrate that water uptake
causes volumetric expansion and relieves the residual stress
developed during curing [2]. To confirm if our cured
encapsulant film can uptake water under the test conditions, we
perform  isothermal water vapor sorption-desorption
experiments (Fig. Sc¢). After 630 min at ambient conditions
(25 °C, 60 % RH), the sample exhibits about 0.10 % mass gain
due to water uptake and did not reach saturation. Therefore, our
sample likely continues to uptake water in the 5 days between
experiments, in agreement with results on similar encapsulants
which achieve saturation at 1.2 % mass gain under the same
ambient conditions [22]. Water desorbs quickly upon reducing
humidity, with faster kinetics at elevated temperatures. The
cured encapsulant exhibits around 0.05 % mass loss at 25 °C
and 0.10 % at 50 °C over 360 min, i.e., the duration of the
thermal cycling experiment. We propose that moisture is driven
from the encapsulant film during thermal cycling, which causes
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Hygrothermal effects on the cured encapsulant. Temperature (7) cycling experiments to measure the thin film cantilever curvature

(k) of (a) the sample dried at 65 °C for 48 h and (b) the same sample after 5 days under ambient conditions. The dashed red line indicates the
room temperature curvature measured for the dried sample. (c) Isothermal mass changes in a cured encapsulant sample due to water vapor
sorption (at 60 % RH), followed by desorption (at 2 % RH) at 25 °C (blue) and 50 °C (red). (d) Calculated film stress from curvature
measurements corresponding to the dried sample in (a). The dashed red line is the overall linear fit to the thermal cycling data (R = 0.98).

the film curvature/stress to approach the state measured in the
dried sample.

The dried film curvature is replotted as a function of
calculated film stress (Eq. 1) versus temperature (Fig. 5d).
From the slope of the linear fit to the experimental data, we
extract ay =37 x 10% K'!. Differences between extracted and
reported values can be attributed to the assumed elastic
properties used to calculate the film stress and uncertainty
associated with measured film thickness. The complementary
stress measurements on a film-coated wafer sample support our
results (Fig. 4¢). The calculated stress of the cured film at room
temperature is approximately 14 MPa, which is comparable to
the value obtained from our cantilever curvature measurements
(approximately 22 MPa). The cured film-coated wafer also
exhibits a highly repeatable, elastic response over the first set
of heat-cool cycles from 25 °C to 150 °C. Much like our
cantilever experiments, the wafer sample measures a smaller
stress after an extended period at ambient (likely humid)
conditions, before recovering its repeatable, elastic response in
consecutive thermal cycles (shown in the second set of heat-
cool cycles from 25 °C to 200 °C). This finding further suggests
that expansion caused by water uptake measurably affects
residual stress.
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V. CONCLUSION

Through a comprehensive suite of metrology tools, this
study establishes a direct link between residual stress evolution
and fundamental material chemistry in thermosetting
encapsulants. Our DSC experiments reveal a complex, multi-
step cure reaction with distinct contributions from different
curing agents. Rheometry data identify the liquid-to-solid
transition as a key threshold, beyond which accumulated
shrinkage strains contribute to long-term residual stress. DIC
measurements confirm that processing strains emerge at two
critical stages—during the early curing phase and at the liquid-
to-solid transition—highlighting the interplay between thermal
expansion and cure shrinkage. Thin-film curvature analysis
further quantifies residual stress under varying hygrothermal
conditions, revealing that moisture uptake can relieve stress
over time.

These findings underscore the necessity of advanced
characterization techniques to capture the nuanced stress
development in highly filled thermosetting materials that
occurs both during processing (due to cure shrinkage and
solidification) and in service (due to thermal expansion and
moisture uptake). The ability to quantify and model stress
evolution under processing-relevant conditions is critical for
optimizing semiconductor package reliability. Our results not
only validate the effectiveness of predictive stress models but
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also provide experimental benchmarks for refining material
selection and processing strategies.

Looking ahead, integrating molecular-scale investigations
with these metrology techniques will deepen our understanding
of stress mechanisms in thermosetting polymers. Future efforts
will focus on refining measurement accuracy, expanding
characterization to additional material formulations, and
developing  real-time monitoring tools for in-line
manufacturing applications. By bridging fundamental materials
science with practical engineering challenges, this research
paves the way for more reliable and manufacturable
semiconductor packaging technologies.
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