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Abstract—Effective heat dissipation is crucial to enhance the
performance and reliability of electronic devices. In this work, the
performance of encapsulants filled with carbon fiber was studied
and compared with silica filled encapsulants. Encapsulants filled
with mixed combination of fillers for optimizing key properties
were also investigated. The thermal and electrical conductivities
were investigated and glass transition temperature (Tg), thermal
expansion coefficient (TCE), and storage modulus ( ) of these
materials were studied with thermal analysis methods. The composites filled with both carbon fiber and silica showed an increase
of thermal conductivity three to five times of that of silica filled encapsulants of the same filler loading while maintaining/enhancing
major mechanical and thermal properties.
Index Terms—Carbon fiber, encapsulants, flip-chip packages,
glass transition temperature, silica, TCE, underfill materials.

[4]. Thermal properties of most commonly used materials in
electronics and electronics packaging fields are listed in Table I.
Among these materials, diamond is known to have the highest
thermal conductivity (2 kW/m.K), however, its high cost largely
limits its use as filler in encapsulants. Carbon fibers have a
thermal conductivity that can be as high as 800–1200 W/m K
with a negative thermal expansion coefficient (CTE) in their
axial direction and provide a strong reinforcement to polymers.
However, its electrically conductive property limits its usage in
many applications in electronics packaging.
In this study, a carbon fiber of high thermal conductivity
was used as the filler in epoxy based underfill materials to
enhance the thermal conductivity of underfill materials, while
maintaining good electrical insulation of the underfill material.

I. INTRODUCTION

T

HE TREND of developing high speed, high integration
and low cost integrated circuits has led to microelectronic
components with significant increased internal heat generation.
All microelectronics produce heat and a typical microprocessor,
especially high performance or high frequency IC, dissipates in
excess of 60 W of power today, which is projected to increase
to 100 W by 2005. As a result, a higher operating temperature
would be expected at steady-state without an effective heat
dissipation mechanism [1]. At high operating temperatures the
performance and reliability of a component will be decreased
exponentially with the temperature. Components are usually
protected with polymeric encapsulation in the form of underfilling, potting and glob-top which strongly influence the heat
dissipation. The commonly used polymeric encapsulants filled
with silica usually exhibit a very poor thermal conductivity
( 0.5 W/m.K) as compare to metals. Approaches to increase
heat dissipation rate on the component level include providing
a heat sink on the back of the component and using fillers of
high thermal conductivity in encapsulants. The former has been
widely accepted, however, often resulting unavoidably in bulky
designs. The later method employs ceramic materials with
high thermal conductivity as fillers within the encapsulants.
These materials including alumina, boron nitride and aluminum
nitride (AlN), as well as their mixtures which show thermal
conductivity in the range of 150 to 300 W/m.K [2], [3], and
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II. EXPERIMENTAL
A. Materials and Formulation
One grade of carbon fiber provided by BP Amoco Chemicals
was used as the thermally conductive filler in this study. This
fiber has a diameter of 7 m and an average length of 45 m. It
has an extremely high thermal conductivity, above 800 W/mK.
The scanning electronic microscope (SEM) image and the properties of this fiber are given in Fig. 1 and Table II, respectively.
Other fillers used were silica coated aluminum nitride (SCAN)
from Dow Chemical Company, and silica from Nippon Chemicals, Inc. The SEM images of these fillers are shown in Figs. 2
and 3, respectively, and their properties are listed in Table II.
Four series of samples were prepared based on a basic formulation technique. A summary of the sample composition is given
in Table III. All basic formulations contain two diepoxides, 3,
4-epoxy cyclohexylmethyl-3, 4-epoxy cyclohexyl carboxylate
(ERL4221E, EEW 266, Union Carbide), and poly (bisphenol
A-co-epichloro-hydrin), glycidyl end-capped (MW377, Aldrich
or EPON 8281, Shell), a hardener, hexahydro-4-methylphthalic
anhydride (HHMPA) (Lindau Chemicals, Inc.) and a curing
catalyst, 1-cyanoethyl-2-ethyl-4-methylimidazole-trimellitate
(abbreviated name 2E4MZ-CN, Shikoku Chemicals), and silica
powder (LE-03 surface reforming, size 3 m, from Nippon
Chemical Industrial Co., Ltd.). All chemicals were used as
received without further treatment, and all fillers were dried in
a vacuum oven at 125 C over night and stored in desiccators.
Table III gives all the formulas used in this study. The stoichiometry of all chemicals used was based on mole, and the
addition of each kind of filler was based on the total volume of
a formula.
Control samples were prepared by using silica filler in the
amount of 0 to 45 volume percent (vol%) with 7.5 vol% interval
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TABLE I
THERMAL PROPERTIES OF MATERIALS INVOLVED IN ELECTRONICS PACKAGING [1]

Fig. 1.

SEM image of carbon fiber used in this study.

between one to another (Sample 1, Table III). In the series of
Sample 2, carbon fiber was added as the filler in the amount
equal to that of control samples. In the series of Sample 3, both
carbon fiber and silica were used as fillers and in the series of
Sample 4 both carbon fiber and SCAN powder were added as
fillers. In both series the loading level of carbon fiber varied by
7.5 vol% from 0 to 45 vol% while keeping a total filler load of
45 vol%.
All the underfill samples were prepared using the same technique. All chemicals were added and mixed by stirring into a
homogeneous mixture in a plastic bottle, and all fillers were
mixed into the epoxy resin using a high-speed blender. About

Fig. 2. SEM image of silica coated aluminum nitride used in this study.

10 g of a formulated material was poured into a glass container
and preheated at 100 C in a vacuum oven over 30 min for
de-gassing. Then, the sample was transferred into an aluminum
pan of 37.5 mm in diameter, and cured at 130 C for 30 min, followed by 150 C for 1 h and 210 C for another 30 min. After
curing the sample was allowed to slowly cool back to room temperature as to avoid the formation of internal stresses. The aluminum pan was peeled off and the sample was polished into
a disk with two parallel surfaces (dimension about 35 mm D
5 mm H) for further analyses. For a specific analysis, a disk
sample was usually cut into a required geometry using an Isomet
slow speed diamond saw from Buehler.
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III. RESULTS AND DISCUSSION
A. Thermal Conductivity

Fig. 3.

SEM image of silica used in this study.

B. Measurements of Thermal Conductivity
25.4 mm
Solid test samples with a dimension of 25.4
and a thickness varying from 2 to 5 mm were prepared
using the technique described in the section of Materials and
Formulation. Thermal conductivity was measured at 70 C
with a thermal conductance tester TCA-200 from Holometrix
Micromet (Metrisa Company). The samples were measured
by the guarded heat flow meter method at steady state. A test
sample is placed between two plates stabilized at two different
temperatures, resulting in a flow of heat from the hotter to the
colder plate. The amount of heat is measured with a thin heat
flux transducer attached to one of the temperature-controlled
plates.
C. Measurements of Electrical Conductivity
A sensitive amperometer, Keithley 485 Autoranging picoammeter, with a dc power supply by Hewlett Packard (6553A DC
Power Supply), was used to measure the electrical conductivity
at room temperature. Samples were cut into a dimension about
3 5 30 mm and the electrical conductivity was measured in
the longest direction. An electrical conductive adhesive (epoxy
filled with silver flakes) tape was used as the end electrodes. The
resistivity data were reported in dc resistivity.
D. Thermal Analyses
Thermomechanical Analysis (TMA) was conducted on a
TMA (Model 2940 by TA Instruments). The cured sample was
heated from 25 C to 250 C in a rate of 5 C/min. and the
thickness change versus temperature rise was monitored. The
inflection point of thermal expansion was defined as TMA Tg.
Dynamic mechanical analysis (DMA) on dynamic modulus
of cured materials was performed on a DMA (Model 2980 by
TA Instruments). A specimen for DMA test was a bar of a size
about 30 8 3 mm. The test was performed on a single cantilever under 1 Hz sinusoidal strain loading and the temperature
was increased from room temperature to around 250 C in a
heating rate of 5 C/min.

Carbon fiber with a thermal conductivity as high as
800 W/m K was used as filler in epoxy underfill materials. A
control formula with silica as the filler was also prepared for
the purpose of comparison. As shown in Fig. 4, both silica and
carbon fiber filled samples showed a linearly or near linearly
increasing thermal conductivity as filler loading increases. The
thermal conductivity of the carbon fiber filled sample increased
from 0.42 to 1.82 W/m.K as the filler loading level varies from
15 to 45 vol%, 2 to 4.5 times of those of silica filled control
samples at the same filler loading level.
Carbon fiber was also used together with silica as co-fillers
in a series of underfill materials with a constant total filler
load of 45 vol%. The choosing of this volume ratio was based
on the observation that further filling of fillers beyond this
point caused difficulty in material mixing and more voids in
the samples. As seen in Fig. 5, when the carbon fiber loading
varied from 7.5 to 37.5 vol%, the thermal conductivity
increased from 1.3 to 2.8 W/m.K, three to seven times of
that of 45 vol% silica filled sample. Also noted is that the
thermal conductivity of all samples in this series were higher
than those of corresponding carbon fiber filled samples.
This is understandable when the carbon fiber loading was
less than 45 vol% because the addition of silica, higher in
thermal conductivity than the epoxy resin, for 45 vol% total
filler composition replaces epoxy which has a lower thermal
conductivity. In the case of 45 vol% of filler loading however,
that the thermal conductivity of the co-filler filled sample
was higher than carbon fiber only filled one (Figs. 4 and 5)
is intriguing. An explanation could be the mixing of carbon
fiber and silica formed a structure of higher packing density
and thus provided a better thermal conductive pathway than
carbon fiber filler only.
Aluminum nitride has a thermal conductivity over
300 W/m k. Because of its high thermal conductivity and
low toxiticity, it has been subjected to extensive study since
late 1980’s to determine its suitability in electronic packaging
applications. In the present study SCAN powder was used
together with carbon fiber as the co-filler to make a total filler
load of 45 vol%. At 0 vol% of carbon fiber loading or, in the
other word, 45 vol% loading of SCAN, the thermal conductivity
was 1.48W/m.K. As 7.5 vol% of carbon fiber was added the
thermal conductivity was enhanced significantly to 1.87 W/m.K
(Fig. 5). However, further increasing of carbon fiber filling
level showed a slightly decrease in thermal conductivity, and
when the carbon fiber level increased to 37.5 vol%, the thermal
conductivity was only 1.2 W/m.K. It was probably due to
the severe sedimentation of SCAN caused by its high density
( 3.5 g/cm resulting in the formation of a polymer resin rich
top layer after curing, which is more thermal insulating than
the fillers.
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TABLE II
PROPERTIES OF EPOXY RESIN, CARBON FIBER AND OTHER FILLERS USED

TABLE III
FORMULATIONS USED IN THIS STUDY

Fig. 5. Thermal conductivity of carbon fiber and silica, and carbon fiber and
silica coated aluminum nitride filled systems. The total filler content were
constantly 4 5vol%.
Fig. 4. Thermal conductivity of carbon fiber and silica filled systems.

B. Electrical Conductivity
From the application point of view, underfill materials must
be electrical insulating. Since the carbon fiber used is somewhat
electrical conductive (Table II), the electrical conductivity of the

materials was a key concern. The electrical dc resistivity of all
samples was measured as described in the experimental section
and the results are showed in Fig. 6. The electrical resistivity
of both carbon fiber filled, and carbon fiber/silica-filled samples kept a high and stable resistivity about 10 Ohm.m, the

LI et al.: IMPROVEMENT OF THERMAL CONDUCTIVITY OF UNDERFILL MATERIALS

Fig. 6.

29

Electrical resistivity of sample series 2, 3, and 4.

Fig. 8. Microscopic image of the sample containing 7.5 vol.% of carbon fiber
and 37.5 vol.% of SCAN.

Fig. 7. Microscopic image of the sample containing 7.5 vol.% of carbon fiber
and 37.5 vol.% of silica.

same order of magnitude as that of both silica and SCAN filled
samples when the carbon fiber loading was below 15 vol%. As
the loading of carbon fiber was higher than 15 vol%, the resistivity quickly dropped to 10 m level, and it did not change too
much as the carbon fiber load increased further. In other words,
a threshold existed between 15 to 22.5 vol% filler loading. On
the other hand, the resistivity of carbon fiber/SCAN filled samples exhibited a dramatic decrease to the order of 10 Ohm.m,
as the carbon fiber loading increasing. The difference in the resistivity change pattern of theses two series of samples probably was due to the separation of SCAN and carbon fiber caused
by the large difference in density and particle size of these two
fillers. During epoxy resin curing process, the viscosity of the
samples decrease dramatically and denser filler will sediment
to the bottom faster than the lighter one. In a multi-filler filled
system, this may lead to filler separation. When particle sizes of
fillers are quite different, the large filler may not distribute well
into the smaller filler. In any cases the smaller filler, carbon fiber,
may form a continuous phase which is more electrical conductive (Figs. 7 and 8).
The results of this test indicate that in order to obtain a good
insulation of an underfill material, the loading level of carbon
fiber must be less than 15 vol% in carbon fiber/silica filled underfills, and 7.5 vol% or even less in carbon fiber/SCAN filled

Fig. 9. CTE of sample series 1 and 2.

underfills. From Fig. 5, one can find that the thermal conductivity of Sample Series 3 is about 1.65 W/m K, which is about
three times of that of the 45 vol% silica filled control sample.
C. Thermal Analyses
Thermo-mechanical properties including glass transition
temperature, coefficient of thermal expansion, as well as
storage and loss moduli are critical properties for underfill
materials. In order to observe these parameters, TMA and
DMA were conducted on all samples. The CTE data are shown
in Figs. 9 and 10 and DMA results are given in Figs. 11–13. In
CTE diagrams all CTE observed below Tg were assigned as
1 and those above Tg were labeled as 2.
Figs. 9 and 11 show the CTE’s and modulus of silica filled
and carbon fiber filled samples, respectively. As the filler content was increased, 1 of both types of samples and 2 of
silica series decreased but the modulus increased for both types
of samples. However, 2 of carbon fiber filled samples fluctuated up and down about the 2 of unfilled sample. As comparison, 1 and 2 of each carbon fiber samples were higher than
its counterpart of the same filler loading. of carbon fiber samples was averagely 1.56 times of that of silica samples with the

30

Fig. 10.

IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 26, NO. 1, FEBRUARY 2003

CTE of sample series 3 and 4.

Fig. 12.

Storage modulus of sample series 3 and 4.

Fig. 13.

DMA diagram of seven selected samples.

Fig. 11. Storage modulus of sample series 1 and 2.

lowest ratio (1.12) located at 15 vol% loading level. Modulus diagrams interpreted from DMA of these two series (Fig. 11) show
that almost all the storage modulus of carbon fiber filled materials, both at 25 and 125 C, were about 800 MPa higher than
that of their silica filled counterparts. This indicates a stronger
reinforcement of carbon fiber to the composite.
In the case of the two series of underfill materials using dual
fillers (Figs. 10, 12, and 13), the 45vol% of silica and carbon
fiber, and 45 vol% of SCAN and carbon fiber filled samples
showed slightly increased 1 from 32.6 to 38.5 ppm/m C and
from 21.9 to 45.7 ppm/m C, respectively as the carbon fiber
ratio increased with a constant total filler load of 45 vol%. The
2 of silica based samples generally showed lower values than
that of corresponding SCAN based samples. As the carbon fiber
content increased, the 2 of the series of Sample 3 increased
from 101 to 156 and then dropped to 125 ppm/m C, correspondingly, the 2 of SCAN based samples varied from 82 to 167 and
dropped to 141 ppm/m C.
When the carbon fiber was not added, the 45 vol% of silica
filled sample showed storage moduli of 6.5 GPa at 25 C and
5.3 GPa at 125 C whereas the 45 vol% of SCAN filled sample
exhibited extremely high moduli: 12 GPa at 25 C and 10 GPa
at 125 C. Generally, as the carbon fiber content increased, the

storage moduli of both series at both 25 C and 125 C slightly
decreased and the storage moduli at 25 C were about 1 GPa
higher than that at 125 C for both series of samples. As the
carbon fiber content increased to 7.5 vol%, the moduli of the
silica based series increased about 0.7–0.8 GPa whereas those
of the SCAN based system decreased about 2 GPa at both 25 C
and 125 C. The further increase in carbon fiber ratio did not
change the moduli of both systems very much at both temperatures, except the samples containing 37.5 vol% of carbon fiber
in both series, in which case voids were seen on the sample surfaces caused by the high viscosity before curing. Fig. 13 shows
the DMA diagrams of seven selected samples that exhibited the
high moduli at room temperature.
Glass transition temperatures of these four series of samples
observed on TMA and DMA were shown in Figs. 14 and 15. In
general, the Tgs of both silica and carbon fiber filled systems
varied between 150 to 180 C, and no obvious trend can be followed. The carbon fiber filled system showed slightly higher
values than the former when filler loading was low. At high filler
loading levels however, this trend reversed. The Tgs of carbon
fiber-silica-resin system fluctuated between 160 to 180 C with
the highest point at 7.5 vol% carbon fiber content. For carbon
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Fig. 14.

Glass transition temperatures of carbon fiber and silica filled systems.
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underfill materials and the major properties related to the
applications were investigated. Four series of underfill samples
containing silica, carbon fiber, carbon fiber combined with
silica, and carbon fiber combined with aluminum nitride were
studied for their thermal conductivity, electrical conductivity
and thermo-mechanical properties. The underfill filled with
37.5 vol% carbon fiber showed a thermal conductivity of
1.9 W/m K, a value five times that of silica-filled underfill.
Carbon fiber provided a more enhanced storage modulus and
comparable CTE to underfill materials as compared to silica
filler. When both carbon fiber and silica fillers were used, a
thermal conductivity as high as 2.86 W/m K was observed
on the sample with 37.5 vol% of carbon fiber. Also in this
system, the samples containing 7.5 vol% and 15% of carbon
fiber showed thermal conductivity of 1.27 and 1.66 W/m K,
respectively. These represent a 300% enhancement from that
of 45 vol% silica filled material with comparable storage
moduli. Electrical resistance study showed that when carbon
fiber content was no more than 15 vol%, a fairly high electrical
resistivity, comparable to that of silica filled underfill, was
maintained on all systems except the system containing both
carbon fiber and SCAN. In summary, samples containing 7.5
vol% of carbon fiber and 37.5 vol% of silica, and 15 vol% of
carbon fiber and 30 vol% silica are excellent candidates of high
thermally conductive underfill materials for high performance
flip-chip packaging applications.
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