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Abstract

The main purpose of this study was to investigate the effects of 10, 20, and 40 wt% micron-
sized particles (aluminum nitride, aluminum oxide, silicon nitride, and silicon oxide) on
the thermal performance of an epoxy resin used in microelectronic devices. Specimens
were produced via a solution mixing technique followed by molding and curing. Although
there were slight differences between the particle types used, various thermal analyses
revealed that increasing the amount of all particle types significantly improved the thermal
performance of the epoxy resin. The property that influences the thermal performance
of microelectronic devices the most is thermal conductivity (A). Heat produced during
operation should be released via heat diffusion, which requires a certain level of A. In
this study, the use of a 40 wt% particle content increased the thermal conductivity (A) by
more than 3 times compared to neat epoxy (0.15 W/m-K). Another significant problem
during the operation of these devices is the formation of “thermal strain mismatch” due
to the different thermal expansion coefficients («) of the materials used in the device that
might lead to a loss of dimensional stability and malfunctioning. In this study, a particle
content of 40 wt% decreased the thermal expansion coefficient of epoxy (49 x 10-6/ K)
down to 28 x 107%/K, a decrease of —43%. Thermal performance also depends on the Glass
Transition Temperature (Tg) values. In this study, a particle content of 40 wt% increased
the Tg from 51 °C (neat epoxy) to 68 °C, an increase of 17 °C, and increased the Thermal
Degradation Temperature (T;) from 324 °C (neat epoxy) to 356 °C, an increase of 32 °C.
Moreover, it was also revealed that there was no decrease in the lap shear adhesion strength
of the epoxy resin after incorporation of any of the particle types. Additionally, the particles
also increased the mechanical rigidity of the epoxy in terms of Storage Modulus at 25 °C
and 50 °C.

Keywords: epoxy resin; aluminum nitride; aluminum oxide; silicon nitride; silicon oxide;
thermal behavior; microelectronic devices

1. Introduction

Epoxy resins are one of the most significant subclasses of thermosetting polymers
with epoxide rings as the key functional group. In industry, the most common type of
epoxy resin is based on the crosslinking reaction of the diglycidyl ether of bisphenol A
(DGEBA) using an amine-type curing agent. This type of epoxy resin has a wide range
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of applications including paints, coatings, adhesives, and as the matrix material of fiber-
reinforced structural composites.

In the electronics industry, these epoxy resins are used in many microelectronic devices
as the following:

e Die Bonding Adhesives: Epoxy resins are used to bond semiconductor chips to
substrates, lead frames, or package bases.

e  Underfills: Epoxy resins are used in flip chip and ball grid array (BGA) packaging to
mechanically reinforce solder joints.

e  Glob Top Encapsulation: Epoxy resins are directly used over wire-bonded semicon-
ductor devices, forming a protective encapsulant.

e  Conformal Coating: Epoxy resins are applied as thin, uniform layers onto printed
circuit boards and electronic assemblies to protect them from moisture, chemicals,
and ionic contaminants.

e  Potting and Sealing: Epoxy resins are used to encapsulate entire electronic device to
protect it from the environmental conditions.

In all these microelectronic applications of epoxy resins, the two most important as-
pects are their (i) curing behavior and (ii) thermal properties. Isothermal curing behavior is
especially important in determining the optimal time and temperature for efficient curing of
the components during their production. The thermal properties of epoxy systems such as
the thermal conductivity, thermal expansion coefficient, Glass Transition Temperature, and
Thermal Degradation Temperature are also critical for the performance of microelectronic
parts that are subjected to severe heating and cooling cycles during operation.

In some ordinary applications, the use of neat epoxy resins might be sufficient for
these requirements. For advanced microelectronic applications, the performance of epoxy
resins can be improved by adding certain particles. Researchers have tested many different
types, forms, and sizes of inorganic particles, particularly nitrides and oxides.

Thus, in order to improve the curing behavior and thermal properties of epoxy resins,
four different types of particles were investigated in this study: aluminum nitride (AIN),
aluminum oxide (Al,O3), silicon nitride (Si3Ny), and silicon oxide (SiO,). Previous studies
on the effects of these particles on the isothermal curing behavior of epoxy are summarized
below and in Table 1. However, the number of studies is very limited, and they focused on
aluminum nitride [1], aluminum oxide [2,3], and silicon oxide [4].

A high degree of thermal conductivity (A) is required to release the heat produced during
the operation of the electronic parts. A literature survey revealed that aluminum nitride [5-13],
aluminum oxide [8,10,12-21] silicon nitride [9,22-24], and silicon oxide [11,13,21] can be used
at very high volume filler fractions (5070 vol%) to improve the intrinsically low thermal
conductivity (A) of neat epoxies.

Studies have shown that the thermal expansion coefficient (&) can be lowered by
adding aluminum nitride [7,11], aluminum oxide [12,21,25-27], silicon nitride [23,24], or
silicon oxide [11,13,21,24,27,28] particles. ot is a key parameter in epoxy electronic packaging
as it determines the magnitude of thermal stresses when bonded to other substrates. Neat
epoxy typically exhibits high « values in the range of 50-90 x 10~¢/K, which is far greater
than that of semiconductor materials such as silicon, resulting in significant mismatch
stresses during thermal cycling.

The Glass Transition Temperature (T) of an epoxy can be modified by incorporating
aluminum nitride [11], aluminum oxide [3,20,25,26,29-31], silicon nitride [9], or silicon
oxide [11,20,32-35] particles.

It has also been reported that addition of aluminum nitride [11,36], aluminum ox-
ide [10,20,26,37,38], silicon nitride [23], and silicon oxide [11,13,20,28,33,35,37,39-41] could
influence the Thermal Degradation Temperature (T;) of neat epoxies.
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In terms of adhesion strength of epoxies, only one study reported [42] the effect of
adding silicon oxide.

As shown in Table 1, only one type of particle has been tested for effects on isothermal
curing behavior and/or one or two thermal properties.

Table 1. Previous studies that tested the addition of AIN, Al,O3, SizsNy, or SiO, particles on the
isothermal curing behavior and/or thermal properties of epoxy resins.

AIN Al,O3 SizNy SiO,
Isothermal Curing Behavior [1] [2,3] None [4]
Thermal Conductivity [1,5-13] [8,10,12-21] [9,22-24] [11,13,21]
Thermal Expansion Coefficient [7,11] [12,21,25-27] [23,24] [11,13,21,24,27,28]
Glass Transition Temperature [11] [3,20,25,26,29-31] [9] [11,20,28,32,34,35]
%;})n;i t[:fegradaﬁon [11,36] [10,20,26,37,38] [23] [11,13,20,28,33,35,37,39-41]
Adhesion Strength None None None [42]

Therefore, in order to contribute to the literature on this topic, this study tested four
different types of particles at three different loadings and measured their effects on the
isothermal curing behavior and all thermal properties (thermal conductivity, thermal expan-
sion coefficient, Glass Transition Temperature, and Thermal Degradation Temperature) of
an epoxy resin. Additionally, since proper adhesion of epoxy-based parts in microelectronic
devices is crucial, the effects of these particles on the adhesion strength were also analyzed,
which was often neglected in previous studies.

2. Materials and Methods

In this study, the experimental work was conducted in five main stages: (i) size-
range determination of the fillers, (ii) production of the particle-filled epoxy samples,
(iii) calorimetry analysis of the samples to study isothermal curing behavior, (iv) analyses
of the thermal properties of the specimens, and (v) adhesion strength measurements, which
are necessary to determine the suitability of the epoxy for use in microelectronic devices.
The experimental techniques used in each step are summarized below.

2.1. Epoxy Resin System and Oxide/Nitride Particles

The preferred epoxy resin and curing agent system for microelectronic devices
were used: a diglycidyl ether of bisphenol A (DGEBA)-type epoxy and trimethyl-1,
6-hexadiamine-type curing agent (EPO-TEK 301, Epoxy Technology Inc., Billerica, MA,
USA). Four different fillers were used: aluminum nitride (AIN; purity: 99.95%), aluminum
oxide (Al,Os; purity: 99.5%), silicon nitride (SizNg; purity: 99.5%), and silicon oxide (5iOy;
purity: 97.3) particles (Nanografi Nanotechnology Inc., Ankara, Turkey).

In this study, the neat epoxy system (designated as EP) was filled with 10, 20, and
40 wt% of each particle type. The filled epoxy specimens are named based on the particle
type and content (wt%): EP/AIN x%, EP/Al,O3 x%, EP/SizNy x%, and EP/SiO; x%.

2.2. Dynamic Light Scattering (DLS) Analysis

In order to determine the size distribution of the oxide and nitride particles, DLS
(Malvern, Zetasizer Nano ZS, London, UK) measurements were carried out in triplicate at
room temperature using a 633 nm red laser. Samples were prepared by sonicating them
in isopropanol for 3 min prior to the measurements. In the size distribution calculations,
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the refractive index values used for AIN, Al,O3, Si3zNy, and SiO, were 1.76, 2.15, 2.04, and
1.46, respectively.

2.3. Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopy (SEM, FEI Quanta 3D 600 Dual Beam, Hillsboro, OR,
USA) was performed at an accelerating voltage of 20 kV as an additional technique to
determine the morphology and size range of the filler particles. The particles were adhered
to double-sided carbon tape and sputter coated with gold to minimize electrostatic charging.

It should be noted that SEM analysis was also used to examine the fracture surfaces of
broken specimens to observe the degree of filler dispersion in the epoxy matrix. Since filled
epoxy specimens are not electrically conductive, they were also sputter coated with gold.

2.4. Production of Particle-Filled Epoxy Samples

As schematically illustrated in Figure 1, the epoxy-based liquid samples and solid
specimens were produced using two main stages.

STAGE 1
Mixing Degassing
Fillers Epoxy
K resin
» »
*
Ultrasonic Magnetic Speed mixer
bath stirrer Vacuum chamber
STAGE 2

Liquid Samples

Syringe
M Mold = mm

-:\ (for Curing Behavior)
P

an Furnace
Molding and Curing

Solid Specimens

(for Thermal Properties)

Figure 1. Two main stages for the production of liquid samples and solid specimens.

(i) Mixing and Degassing:

The viscosity of resin systems starts to increase as soon as the curing agent is added,
leading to difficulty in homogeneously dispersing fillers. Therefore, the particles were
added to the curing agent. In order to prevent agglomeration, this mixture was stirred in
an ultrasonic bath (Elmasonic, P180H, Singen, Germany) for around 20 min at a power of
250 W. Then, epoxy resin (in a 4:1 ratio) was added to the curing agent/particle mixture
and stirred using a magnetic stirrer (IKA, RCT Basic, Staufen, Germany) at 100 rpm for
10 min.

In order to remove any bubbles formed during mixing, degassing was applied along
with further stirring using a speed mixer (FlackTek, DAC 1200-300 VAC, Louisville, CO,
USA) at 2000 rpm for 5-10 min in a vacuum chamber.

(ii) Liquid Sample and Solid Specimen Production

https:/ /doi.org/10.3390/jcs10030146
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After mixing and degassing, two different paths were followed depending on the
required liquid sample or solid specimen geometry for the different analyses. In the first
path, used for isothermal curing behavior analysis, was very straightforward: filling the
DSC pans right after the degassing step.

In the second path used for the production of solid specimens for the thermal property
analyses, specimen molding and then curing were performed. First, flexible molds with
the specific cavity for each testing method were produced using a polydimethylsiloxane
elastomer. After filling these molds with the prepared liquid resin systems, they were cured
at 80 °C for 6 h in a furnace to obtain solid rigid specimens.

2.5. Differential Scanning Calorimetry (DSC) Analysis

DSC analysis (TA Instruments, DSC Q2000, San Diego, CA, USA) of 2-10 mg samples
in sealed aluminum pans were conducted by recording the heat flow as a function of
time. All procedures were performed under a nitrogen flow of 50 mL/min. Analyses were
conducted to investigate the effects of filler particles on the isothermal curing behavior of
the epoxy system. For this purpose, all samples were isothermally kept at 80 °C for around
one hour.

2.6. Thermal Conductivity Analysis

In order to determine the effects of filler particles on the thermal properties of the
epoxy system, thermal conductivity measurements were conducted. Neat and filled epoxy
samples were molded and cured into disk-shaped specimens with a diameter of 50 mm and
thickness of 2 mm according to the ASTM E1530 standard [43]. Prior to the measurements,
the specimens were conditioned at room temperature and 50% relative humidity for 24 h.
After applying a known heat pulse, the temperature rise at the surface was recorded and
analyzed using the software of the instrument (TA Instruments, DTC-300, San Diego, CA,
USA) to determine their thermal conductivity values. All measurements were carried out
at ambient temperature.

2.7. Dilatometry Analysis

Next, dilatometry (Netzsch, DIL 402 Expedis Supreme, Selb, Germany) thermal anal-
ysis was performed on all specimen types in order to determine their thermal expansion
coefficient values. Cylindrical specimens with a length of 30 mm and diameter of 10 mm
were molded and cured in accordance with the ASTM E228 standard [44]. The specimens
were cooled down to —180 °C and then heated to 70 °C at a cooling and heating rate of
10 °C/min.

2.8. Dynamic Mechanical Analysis (DMA)

In order to observe the effects of the particles on the Glass Transition Temperature of
the epoxy system, DMA (TA Instruments, DMA Q800, San Diego, CA, USA) was conducted
on bar-shaped (30 x 5 x 2 mm) molded specimens under the single cantilever mode from
room temperature to 100 °C, using a heating rate of 5 °C/min. The results were used to
determine the Tan Delta curves and the changes in the mechanical stiffness of the specimens
were evaluated using the Storage Modulus (E’) values at 25 °C and 50 °C.

2.9. Thermogravimetric Analysis (TGA)

To reveal effects of the particles on the Thermal Degradation Temperature of the epoxy
system, TGA (TA Instruments, TGA Q500, San Diego, CA, USA) was conducted: 5-10 mg
specimen pieces in platinum pans were heated to 800 °C at a heating rate of 10 °C/min
under a nitrogen flow. The percent weight losses in each specimen were evaluated to
determine their Thermal Degradation Temperature.

https:/ /doi.org/10.3390/jcs10030146
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2.10. Lap Shear Adhesion Tests

Since epoxy systems are used for “adhesive or coating purposes” in many electronic de-
vices, the effects of the particle fillers on the epoxy system were investigated by conducting
lap shear adhesion tests in accordance with the ASTM D1002 standard [45].

Aluminum alloy plates (100 x 25 x 1 mm) were used as the adherent; they were
carefully cleaned with acetone and isopropanol in an ultrasonic cleaner (Elma, Elmasonic
Select 80, Singen, Germany) and then neat and filled liquid epoxy resin samples were
uniformly applied and carefully pressed in between two aluminum plate adherents. The
proper alignment fixture was used so that the same bonding area (12.5 x 25 mm) could be
used for each specimen (Figure 2).

25mm
[ —] /25 - $ 1mm
Load —
Load
Bonding area
(625 mm?) 100mm

Figure 2. Schematic of the lap shear adhesion test specimens.

After curing the specimen system at 80 °C for 6 h in an oven, tensile loads were
uniformly applied (at a rate of 0.5 mm/min) using a Universal Test System (Instron 5960,
Norwood, MA, USA). The load versus displacement curves obtained from each test were
evaluated to determine the lap shear strength (MPa) of each specimen system by dividing
the maximum in load (N) to the bonding area (mm?). The tests were repeated three times
for each specimen. Failure modes (adhesive, cohesive, or mixed) were also examined after
each test.

3. Results and Discussions

First, the size ranges and dispersion of the oxide and nitride particles in the matrix
will be discussed, followed by the effects of each type of particle on the isothermal curing
behavior and thermal properties of the epoxy resin system and their adhesion strength.

3.1. Size Range and Dispersion of Oxide and Nitride Particles in Epoxy Matrix

SEM analysis was conducted to determine the size range and morphology of the
particles and found that their diameter range was 1-5 um, which could be classified as
“microparticles” (Figure 3). The aluminum nitride particles had a rather “polyhedral”
morphology, while the other three had more “round” morphology.

The DLS analysis results showed a normal (Gaussian-type) size distribution (Figure 4)
with average particle sizes of 2341, 1892, 1211, and 661 nm for AIN, Al,O3, Si3Ny, and
5i0,, respectively, which are consistent with the size range obtained from the SEM analysis
(Figure 3).

To determine the degree of filler dispersion in the epoxy matrix, SEM analysis was
conducted on the fractured surfaces of the specimens containing 10, 20, and 40 wt% particle
contents. Since high filler contents were required to improve the thermal properties, the
particles (all types) were found to be generally dispersed in the matrix with a certain degree
of “agglomeration”. Figure 5 shows examples of the dispersion of a 20 wt% particle content
in the epoxy matrix.

Bekeshev et al. [46] revealed that chemically modifying the surface of fillers increases
their chemical compatibility with epoxies, thus inducing better dispersion and mechan-
ical characteristics. Similar observations were also observed in other studies [39,47-51].

https:/ /doi.org/10.3390/jcs10030146
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However, because of the “outgassing” problem in many microelectronic devices, no sur-
face treatment was applied to the particles in this study. Microelectronic components in
which “outgassing” is a key reliability concern include MEMS, sensors, optoelectronics,
and power modules.

85 ' - : 16 : , .
30 2341 nm AN . 14t 1892 nm ALO; |
st ]
g
Tt |
@
=
E15¢+ 4
=
4
10 4

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Size (nm) Size (nm)
40 T T T T 50 T T T T
. 661 nm .
sk 1211 nm Si;N, - asr SiO,
40} :
30 i
—~ 35+ -
Sast ] Saof ]
5 5
_E 20 . _E 251 E
=15+ E s20r )
z Z sl ]
10 .
10 1
5t b 5+ 1

0 500 1000 1500 2000 2500 250 500 750 1000 1250

Size (nm) Size (nm)

Figure 4. Size distribution of the particles determined by DLS analyses.
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EP/AIN 20%

Figure 5. SEM images showing dispersion of the particles in the epoxy matrix.

3.2. Effects of Particles on Isothermal Curing Behavior

In industrial applications including microelectronic devices, epoxy resin systems are
generally cured isothermally at the temperature recommended by the resin suppliers or
according to the user’s experience. The temperature used for the resin system in this study
was 80 °C. Therefore, in order to reveal effects of the oxide and nitride particles on the
isothermal curing behavior of the epoxy system, isothermal DSC analyses were conducted
on the liquid samples at 80 °C.

Figure 6 shows a comparison of the heat flow versus time curves of all filled samples
and the neat epoxy (EP) sample. The exothermic peaks of the curing reaction decreased as
the amount of oxide and nitride particles used increased.

In practice, curing “conversion” versus “time” curves are more informative than
isothermal “heat flow” versus “time” curves in demonstrating the effects of particles on
isothermal curing behavior. Therefore, the data in Figure 6 were transformed into curing
conversion versus time curves (Figure 7).

The percent conversion at each time point was determined by calculating the cumula-
tive area between the curve of the thermogram and the x-axis, with respect to the overall
heat produced by the reaction.

In addition, all the curves in Figure 7 were evaluated in terms of time required for
50%, 75%, and 100% curing conversion (Table 2).

Figure 7 and Table 2 show that the incorporation of the nitride and oxide particles into
the epoxy resin significantly increased the time required for isothermal curing conversion.
Delays in the isothermal curing conversion were more pronounced at higher particle
loadings. For example, when particles were added at a dose of 40 wt%, the time required
for 50% curing conversion increased from 2 min (neat epoxy) to up to 5 min; for 75% curing
conversion, the time increased from 4 min up to 10 min, and for 100% curing conversion,
the time increased from 16 min up to 27 min.

https://doi.org/10.3390/jcs10030146
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Figure 6. Effects of the particles on the isothermal heat flow versus time curves of the epoxy.
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Figure 7. Effects of the particles on the curing conversion versus time curves of the epoxy.

These increases in conversion time for isothermal curing might be due to the physical
constraint action of the particles, leading to decreases in the segmental mobility of the
epoxide and amine oligomers required for efficient cross-linking reactions during curing.
Therefore, increasing the amount of the particles in the epoxy resin system increases the
particle-induced steric hindrance, leading to more delays during isothermal curing.
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The AIN, Al,O3, Si3sNy, and SiO, particles all lead to reductions in the curing rate
relative to neat epoxy, reflecting increased viscosity, reduced free volume, and diffusion-
controlled limitations imposed by the particulate phases. At higher filler loadings, these
effects were more pronounced for all systems, with extended reaction tails reflecting
delayed network formation and vitrification.

However, the degree of this retardation also depends on filler chemistry and interfacial
characteristics. Among the investigated fillers, AIN and Si3Ny exhibited lower degrees of
suppression of the initial curing rate, particularly at moderate filler loadings, suggesting
comparatively weaker restriction of epoxy-hardener mobility during the early stages of
curing. This behavior could be attributed to their lower surface polarity and more thermally
conductive nature, which can promote more homogeneous heat distribution and reduce
localized vitrification effects.

Table 2. Effects of the particles on the values of t5y9,, t759,, and t1gge, (time required for 50%, 75% and
100% curing conversion).

tsg% (min) t75% (min) t100% (min)

EP 2.1 3.9 16.1
EP/AIN 10% 2.9 5.4 18.1
EP/AIN 20% 4.4 8.4 21.3
EP/AIN 40% 4.6 9.1 24.6
EP/Al,O3 10% 3.6 6.7 16.2
EP/Al,O3 20% 49 8.6 16.7
EP/Al,O3 40% 5.6 10.2 214
EP/SisNy 10% 2.9 5.7 173
EP/SizNy 20% 3.2 6.9 19.1
EP/SizN, 40% 3.9 8.4 27.2
EP/SiO, 10% 2.2 4.3 18.6
EP/SiO, 20% 3.2 6.6 19.8
EP/SiO, 40% 4.6 8.9 24.6

In contrast, Al,O3 and especially SiO, induced a more significant reduction in peak
reaction rate and broader curing profiles, indicating a dominant influence of physical
hindrance and stronger interfacial confinement. The higher polarity on the surfaces of
Al O3 and SiO; likely enhance filler-matrix interactions, leading to constrained interphase
regions that limit reactive group accessibility and accelerate the transition to diffusion-
controlled kinetics.

Yang et al. [4] reported similar observations where SiO; incorporation reduced the
curing rate due to steric hindrance from the inorganic network.

3.3. Effects of Particles on Thermal Conductivity

The most important property influencing the thermal performance of epoxy resins in
microelectronic devices is thermal conductivity (A). Heat produced during the operation of
these devices should be released to the environment via heat diffusion, which requires a
certain A value. Unfortunately, all polymers, including epoxy, have extremely low levels
of thermal conductivity. For the neat epoxy resin used in this study, its A is 0.15 W/m'K,
which is mainly due to the cross-linked network structure of its thermosetting polymers,
leading to significant phonon scattering and limited heat transport.

Since ceramic materials, including the nitride and oxide particles used in this study,
have intrinsic thermal conductivity values much higher than 10 W/m-K, one of the best

https:/ /doi.org/10.3390/jcs10030146
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ways to improve the thermal performance of epoxy resins is incorporating these types
of particles.

The thermal conductivity analyses (Figure 8 and Table 3) revealed that, although there
were slight differences between the types of particles, increasing the amount of particles
increased the thermal conductivity values. For example, particle contents of 10, 20, and
40 wt% increased A values by 180%, more than 200%, and more than 300%, respectively.

Although a more than three-fold increase in A (from 0.15 to 0.56 W/m-K) seems to be
insignificant compared to the extremely high conductivities of metallic materials, it would
significantly contribute to the thermal performance of microelectronic parts made from
these particle-filled epoxies since the heat produced during the operation of devices using
these epoxies would be released more than three-fold more easily compared to parts made
from neat epoxy. In the literature on particle-filled epoxy systems [1,11,17,19,52-54], very
similar A increases of around 0.40-0.50 W/m-K were also reported.

0.6 T T T T T

—&—EP/AIN |
—e—EP/ALO,

—A—EP/SiyN, |
—v— EP/SiO,

Thermal Conductivity
m

0‘1 1 L 1 1 1
0 10 20 30 40

Particle Content (wt%)

Figure 8. Effects of the particles on the thermal conductivity of the epoxy.

Table 3. Effects of the particles on the thermal conductivity (A), thermal expansion coefficient (),
Glass Transition Temperature (Ty), and Thermal Degradation Temperature (T;) of the epoxy.

A (W/m-K) o (10-6/K) T CO) T, (°C)

EP 0.15 49 51 324
EP/AIN 10% 0.27 45 54 334
EP/AIN 20% 0.35 44 63 342
EP/AIN 40% 0.53 28 68 349
EP/ALO; 10% 0.22 42 58 329
EP/ AL O3 20% 0.31 38 62 337
EP/ALOs 40% 0.51 34 65 340
EP/SisN; 10% 0.21 44 54 332
EP/SizNy 20% 0.32 40 62 338
EP/SizN, 40% 0.56 35 65 345
EP/SiO, 10% 0.36 44 55 335
EP/SiO, 20% 0.41 42 61 339
EP/SiO, 40% 0.54 40 65 356

These improvements in the A values with increasing particle content can be at-tributed
to the progressive formation of thermally conductive pathways within the epoxy matrix.
As the nitride and oxide particle content increases, particle-particle interactions become
more significant, facilitating the formation of certain conductive pathways that reduce
phonon scattering at the polymerfiller interfaces and improve overall heat transport.
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3.4. Effects of Particles on Thermal Expansion Coefficient

Another significant problem in terms of the thermal performance of microelectronic
devices arises when there are different parts made from different materials. The heat
produced during operation of these devices would lead to “thermal strain mismatch” due
to the different thermal expansion coefficients (&) of each material used in the device.
If the degree of “thermal strain mismatch” is above the acceptable design limits, the
microelectronic device loses its dimensional stability, leading to malfunctioning.

Thus, the thermal expansion coefficient (x) of epoxy resins intended for use in micro-
electronic devices should be measured. All polymers, including epoxy, have extremely
high « values. The neat epoxy resin used in this study has an & of 49 x 10-¢/K. Since the
nitride and oxide ceramic particles used in this study have thermal expansion coefficient
(v) values much lower than 10 x 10~°/K, incorporating these particles can improve the
thermal performance of the epoxy resin by decreasing its « value.

The thermal expansion coefficient analyses (Figure 9 and Table 3) found that, although
there were slight differences between the different types of particles, increasing the amount
of particles decreased the thermal expansion coefficient value. Particle contents of 10, 20,
and 40 wt% decreased « to 42, 38, and 28 x 10~ ¢ /K, decreases of —15%, —33%, and —43%,
respectively. In the literature, significant decreases in the « value (23-30 x 10~%/K) after
the incorporation of Si3sNy particles was reported [24].

These significant decreases in the « values with increasing particle content can be
at-tributed to the intrinsically lower o values of ceramic particles, leading to mechanical
constraints on the macromolecular structures of the epoxy polymers and limiting their
ability to undergo the thermally induced segmental mobility required for volume expan-
sion. This restriction against volume expansion becomes increasingly effective at higher
particle contents where particle—particle interactions and the formation of the mechanically
constraining network become more pronounced.

Although all the filler-incorporated systems exhibited a decreasing trend in the thermal
expansion coefficient with increasing particle content, the nitride-based fillers, particularly
40 wt% AIN, resulted in a more pronounced suppression effect compared to the oxide-based
fillers. This behavior can be attributed to the inherently lower intrinsic « and higher elastic
modulus of these fillers, which impose a stronger mechanical constraint on the polymer
matrix and more effectively restrict thermally induced chain mobility. A similar behavior
was also observed in other studies [11,26].

£ s EP 1
2
b=
2 45+ 4
S
£ 2, ]
g9

(=]
& | —e—EPAN |
= —8—EP/ALO,
< .
E | AEPSIN, |
2 —¥—EP/SiO,
H 25 1 1 1 1 1

0 10 20 30 40

Particle Content (wt%)

Figure 9. Effects of the particles on the thermal expansion coefficient of the epoxy.

3.5. Effects of Particles on Glass Transition Temperature

To determine if incorporating the nitride and oxide particles affects the Glass Transition
Temperature (Ty) of the epoxy system, DMA was conducted from room temperature to
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100 °C to determine the Tan Delta (tan §) curves of the specimens (Figure 10), which is the
ratio of the Loss Modulus to Storage Modulus. The “peaks” of the tan & curves are the Glass
Transition Temperatures (Figure 11 and Table 3). The incorporation of the nitride and oxide
particles into the epoxy resin all resulted in increases in the Glass Transition Temperature
compared to neat epoxy (51 °C). Although there were slight differences between the
different types of particles, the increases in the Ty values were more pronounced with
higher particle loadings. Particle contents of 10, 20, and 40 wt% increased the T, values by
up to 7 °C, 12 °C, and 17 °C, respectively. In the literature [32,35], similar increases in T,
from 49 °C to 51-58 °C were observed after incorporating SiO, particles.

The tan § peaks obtained from dynamic mechanical analysis are commonly associated
with the a-relaxation process of the thermosetting epoxy network structure and provide a
reliable indication of Tj.

When the temperature rises to the T, of the epoxy system, its mechanical rigidity and
Storage Modulus drop significantly via the a-relaxation process and mainly depends on the
segmental mobility of the cross-linked epoxy network structure.

Therefore, the addition of nitride and oxide particles resulted in a shift of the tan &
peaks towards higher temperatures due to their restrictive actions on the segmental mobility
of the neat epoxy structure. Increasing the particle content leads to more segmental
restriction, resulting in larger T, increases.

0.8 — T T T 0.8 — T T T
—EP —EP
—— EP/AIN 10% —— EP/ALO; 10%
06| ——EP/AIN 20% | 0.6 | —— EP/ALO, 20%
— J 0,
EEAIN40 —— EP/ALO, 40%
< 0.4 < 0.4
5 §
~ ~
0.2 0.2
0.0 0.0
. . . n . . . "
25 50 75 100 25 50 75 100
Temperature (°C) Temperature (°C)
0.8 — T T T 0.8 — T T T
EP EP
—— EP/Si;N, 10% ——EP/SiO, 10%
0.6 - ——EP/Si;N,20% - 0.6 - ——EP/SiO, 20% -
—— EP/Si;N, 40% —— EP/SiO, 40%
< 0.4 < 0.4
s s
S 3
0.2 0.2
0.0 0.0
25 50 75 100 25 50 75 100
Temperature (°C) Temperature (°C)

Figure 10. Effects of the particles on the Tan Delta curves of the epoxy, as determined by DMA.

In the curves of the filled epoxy specimens in Figure 10, apart from the shift of the tan §
peaks, there are also significant decreases in peak intensity and a broadening of the peaks,
which indicate a limitation to the effect on segmental mobility and an increase in the hetero-
geneity of the network structure when fillers are incorporated. Similarly Omrani et al. [3]
reported that this significant decrease in peak intensity and peak broadening indicates a
wider distribution of relaxation times and increased microstructural heterogeneity.
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Figure 11. Effects of the particles on the Glass Transition Temperature of the epoxy.

Oxide surfaces (5iO; and Al,O3) tend to generate a more pronounced interphase (via
polar surface groups and stronger secondary interactions), often leading to stronger broad-
ening and high-temperature tailing that indicate a larger fraction of constrained polymers.

Nitride-based filler systems (AIN and Si3Ny), while still shifting To upward, can
show comparatively different peak shapes depending on how effectively they disperse
and interact with the matrix; in such cases, broadening is influenced more by physical
barrier/confinement and microstructural heterogeneity than strong interfacial bonding.

3.6. Effects of Particles on Thermal Degradation Temperature

In order to reveal the effects of nitride and oxide particles on the Thermal Degradation
Temperature (T;) of the epoxy system, TGAs were conducted on neat and filled specimens.
The Thermogravimetric (TG) curves are shown in Figure 12 and the Derivative Thermo-
gravimetric (DTG) curves are shown in the insets of each graph. The DTG peaks represent
the temperature for maximum weight losses, which were taken as the Thermal Degradation
Temperature (T,) of the specimens. The effects of the particles on the T; values of the epoxy
are shown in Figure 13 and Table 3.

The addition of the nitride and oxide particles into the epoxy resin all resulted in
increases in the T; compared to neat epoxy (324 °C). Although there were slight differences
between the different types of particles, the increases in T,; values were more pronounced
at higher particle loadings. Particle contents of 10, 20, and 40 wt% increased T, values by
up to 11 °C, 18 °C, and 32 °C, respectively. One study reported a rise in T; values of around
89 °C[35].

It is known that thermal degradation of the epoxy structure occurs due to the chemical
deterioration and decomposition of certain covalent bonds in the cross-linked network
structure.

Thus, these increases in T; values could be due to the heat barrier effects of the particles
during thermal decomposition of the epoxy. Compared to the epoxy, AIN, Al,O3, Si3Ny,
and SiO; particles are all high-temperature ceramic materials and have much higher thermal
stability (higher than 1000 °C) and shielding effects that slow the movement of heat and
the volatile products formed during thermal decomposition of the epoxy matrix.

Although filler loading is the dominant factor controlling thermal stability, particle
chemistry and interfacial characteristics also influence the resistance to degradation. The
improved T, values can be attributed to the barrier effect of inorganic particles, which
restrict heat transfer within the matrix, delay volatile product diffusion, and hinder chain
scission reactions. Among the investigated systems, the 40 wt% SiO,-filled specimen
resulted in the highest stabilization, indicating stronger matrix—particle interactions, which
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can be linked to the surface silanol groups or more effective thermal shielding compared to

the other ceramic fillers.
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Figure 12. Effects of particles on the Thermogravimetric (TG) and Derivative Thermogravimetric
(DTG; in insets) curves of the epoxy.
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Figure 13. Effects of the particles on the Thermal Degradation Temperature of the epoxy.

3.7.

Effects of Particles on Adhesion Strength

Epoxy resins used in microelectronic devices must have a sufficient thermal perfor-
mance as well as a certain degree of adhesion strength since epoxy resins are often used
as “underfill” or “coating” materials. In order to observe effects of the nitride and oxide
particles on the degree of adhesion, lap shear adhesion tests were conducted and the results
are shown in Figure 14.

The lap shear adhesion strength of the neat epoxy resin was 8 MPa; incorporating all
the different particles at all loadings did not cause any detrimental effects, indicating that
the adhesion strength of the neat epoxy resin could be maintained.
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In fact, incorporating the particles increased the adhesion strength by up to 12-13 MPa.
These enhancements can be attributed to the reinforcing action of the particles that sup-
presses epoxy matrix deformation under shear loading.

After each test, the failure region of the specimen surfaces was carefully examined in
order to determine whether the failure mode was “adhesive”, “cohesive”, or “mixed”. As
shown in Figure 15, the majority of the specimens exhibited a “mixed” failure mode.

One study reported that adding SiO, particles to an epoxy resulted in an adhesion
strength of 9-10 MPa [42]. In other studies [55-57] using other ceramic particles, they also

observed a mixed failure mode in lap shear tests.
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Figure 14. Effect of the particles on the lap shear adhesion strength of the epoxy.

Figure 15. Examples of the “mixed” failure mode during the lap shear adhesion tests.

3.8. Effects of Particles on Storage Modulus

As discussed in Section 3.5, DMA was conducted from room temperature to 100 °C to
obtain the Tan Delta curves and Ty values. Since temperature could critically influence the
mechanical performance of microelectronic parts, changes in the mechanical stiffness of the
specimens were evaluated by measuring their Storage Modulus (E’) at 25 °C and 50 °C.

The storage Modulus of neat epoxy at 25 °C was only 1.98 GPa. Figure 16 and Table 4
clearly show that for all the different types of particles, the E” values at 25 °C increased with
increasing particle content. The improvements were more significant (almost 50% increases)

when the particle content was 40 wt%. For instance, for the EP/SiO, 40% specimen, the E
value at 25 °C increased to 3.66 GPa.
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These enhancements in the Storage Modulus can be attributed to the two typical
stiffening mechanisms observed in polymer matrix composite materials: a “decrease in the
mobility of matrix” and “efficient load transfer from the matrix”, which result in intrinsically
stronger and stiffer ceramic particles.

As expected, when the temperature was raised to 50 °C, the E’ value of neat epoxy
was almost zero (only 0.2 GPa). However, incorporating any of the particles resulted in
increasing E’ values at 50 °C with increasing particle content. For all the nitride and oxide
particles at a content of 40 wt%, the E” values at 50 °C were all above 2 GPa.

Thus, it can be stated that incorporation of nitride and oxide particles into epoxies
can not only increase the thermal performance of microelectronic parts, but they can also
maintain the mechanical rigidity of the devices at temperatures up to at least 50 °C.
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Figure 16. Effect of the particles on the Storage Modulus of the epoxy.

Table 4. Effect of the particles on the Storage Modulus (E’) of the epoxy at 25 °C and 50 °C.

E” at 25 °C (GPa) E” at 50 °C (GPa)

EP 1.98 0.20
EP/AIN 10% 2.35 0.94
EP/AIN 20% 2.37 1.67
EP/AIN 40% 2.63 2.01
EP/Al,O3 10% 2.51 1.78
EP/Al,O3 20% 2.54 1.83
EP/AlL,O; 40% 2.82 2.29
EP/SizNy 10% 2.33 0.98
EP/SizNy 20% 2.48 1.50
EP/SizNy 40% 2.87 2.05
EP/SiO; 10% 2.23 1.36
EP/SiO; 20% 2.36 143
EP/SiO; 40% 3.66 2.13
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4. Conclusions

The main conclusions on the effects of incorporating 10, 20, and 40 wt% micron-

sized particles (aluminum nitride, aluminum oxide, silicon nitride, and silicon oxide) into

an epoxy resin used in microelectronic devices, especially its thermal performance, are

summarized below.

Thermal conductivity (A) was identified as the most critical parameter governing
the heat dissipation capability of epoxy components in microelectronic assemblies.
The incorporation of filler particles enhanced A, increasing it from 0.15 W/m-K (neat
epoxy) to more than three times this value at a 40 wt% loading. This improvement
can be attributed to the formation of certain conductive pathways within the polymer
matrix and reduced phonon scattering due to the presence of high-conductivity
ceramic phases. Although minor differences were observed between particle types,
filler loading was the dominant factor controlling thermal transport behavior.

A significant reduction in the thermal expansion coefficient («t) was achieved with
higher filler contents, decreasing from 49 x 10~°/K (neat epoxy) to approximately
28 x 107%/K (40 wt%), corresponding to a 43% reduction. This decrease is primarily
associated with the inherently low « values of the fillers and the restriction of poly-
mer chain mobility at the particle-matrix interface. The reduced thermal expansion
mismatch is particularly beneficial for minimizing thermomechanical stresses and
improving dimensional stability in microelectronic structures where “thermal strain
mismatch” between dissimilar materials is a critical issue.

All the investigated nitride and oxide fillers increased the T from 51 °C (neat epoxy)
to up to 68 °C at higher loadings. The elevation in T suggests enhanced interfacial in-
teractions, reduced segmental mobility of the polymer macromolecules, and improved
thermal reliability under service conditions with elevated operating temperatures.
The addition of the nitride and oxide particles also resulted in increased thermal degra-
dation resistance, raising the T; from 324 °C to approximately 356 °C with a 40 wt%
filler loading. This enhancement can be attributed to the barrier effect of dispersed
particles, which delay volatile product diffusion and limit thermal decomposition.
The improved thermal stability further supports the suitability of these composites
for high-temperature microelectronic applications.

The lap shear adhesion tests revealed that the incorporation of all particle types at all
loadings did not affect the adhesion strength of the epoxy, with only slight increases
from 8 MPa to 12-13 MPa. Thus, incorporation of these fillers resulted in substantial
improvements in thermal properties while having no detrimental effects on adhesive
performance. The preservation of adhesion strength indicates that the incorporation
of micron-sized fillers does not compromise the interfacial bonding capability, which
is essential for maintaining structural integrity in bonded microelectronic assemblies.
The incorporation of all the particle types only increased the Storage Modulus at 25 °C
from 1.98 GPa to 3.66 GPa, while at 50 °C, the E’ value of neat epoxy (0.2 GPa) was
maintained above 2 GPa. Therefore, these findings suggest that nitride- and oxide-
filled epoxies could not only improve the thermal performance of microelectronic
parts but also maintain the mechanical rigidity of the devices at temperatures up to at
least 50 °C.

Overall, the findings of this study demonstrate that optimizing filler loading enables

simultaneous enhancement of thermal conductivity, dimensional stability, and thermal

resistance while maintaining adequate adhesion performance and mechanical rigidity.

Such balanced property improvement is critical for the long-term reliability of epoxy-based

components in advanced microelectronic devices.
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