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Abstract—An innovative precisely interconnected chip (PIC)
technology is currently under development at IBM to seek more
effective means of creating system chips. The objective of this
research is developing fabrication methods to permit the realiza-
tion of high yielding large area chips, as well as chips that may
contain very diverse technologies. This paper reports the use of a
high-performance interfill material based on epoxy resin, which
is used to connect the different chip sector macros that make up
the system chip. This novel interfill material remains thermally
stable through the subsequent processing temperature hierarchies
during the interchip interconnection fabrication. Spherical SiO2

powders are incorporated into the epoxy resin to improve its
mechanical properties, reduce coefficient of thermal expansion,
and increase thermal conductivity. Adhesion and rheology of
the formulated interfill materials are evaluated. Microstructure
of SiO2 filled epoxy system is also investigated to confirm the
reliability of the composite before and after thermal aging. Initial
results indicate that the formulated EPOXY A resin composite is
qualified for the system chip manufacturing process in terms of
the dispensing processability, structural and mechanical integrity,
and reliability.

Index Terms—Interfill material, microstructure, rheology,
system chips, thermal stability.

I. INTRODUCTION

W ITH ever-faster clock rates, the propagation delays be-
tween chips constitute a significant portion of the clock

cycle. It is expected that mounting both active and passive de-
vices in close proximity will boost the system performance. An
approach referred to as embedded technology with chip-first
or chip-last processing can realize the direct interconnection
between active and passive components without soldering or
wire bonding [1]–[6]. The active and passive components are
embedded on silicon substrates to achieve a common planar
surface. The interconnection is realized using thin-film tech-
nology on the planar chip/substrate surface. The major advan-
tages of such configuration are the short interconnection lengths
between chip and the substrate, no chip bumping preparation,
planar topography, high integration density, and low interfacial
thermal resistance. Additionally, all transmission lines on the
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substrate and from the substrate to the active or passive com-
ponents can be realized with controlled impedance for high fre-
quency applications. Therefore, this embedded technology pro-
vides the possibility of employing a three-dimensional (3-D)
stacking—the highest package density, which tends to be the
core technique for the system on chip (SOC) technology for the
next generation of electronic packaging.

An innovative precisely interconnected chips (PIC) tech-
nology developed by IBM attempts to simplify the embedded
technology further by minimizing feature size and reducing
manufacturing cost. Based on this innovation, active and
passive components are placed facedown onto predetermined
sites on ceramic or Si substrates that are used as guide carriers.
The gaps formed between functional chips can vary in a range
from 50 to 300 m and are to be filled with a suitable high
performance and low shrinkage interfill material. A surface
with good planarity is achieved by chemical and mechanical
polishing. An intermediate manufacturing step is the assembly
of a sandwich of the chip tops (the other side attached to the
guide carrier) attached to a ceramic or silicon supporter plate.
The supporter plate is sized to serve as a thermal spreader.
After the supporter plate is attached, the guide carrier is re-
moved. A multilayer thin-film process is subsequently used for
interconnection. In the course of system fabrication, a kind of
polymeric composite is required to freeze the active and passive
components in place. This composite is expected to hold the
chips in their predetermined positions as accurately as possible
for the subsequent photolithography. High temperature stability
of the candidate composite is another key requirement to ensure
the system’s reliability during the high density interconnection
(HDI) processes, such as dielectric cure, thin film metallization,
and laser-drilled via formation. The interfill material also has
to meet the requirements such as low shrinkage, high modulus,
low viscosity, good wetting, thermal conductivity and adhesion
to the substrates.

Based on these challenging requirements, fourteen different
formulations of thermoset polymers were selected for the initial
evaluation. They were obtained either from commercial mar-
kets or home-made formulations. In-house formulated interfill
materials are epoxy based polymers, including high tempera-
ture adhesives EPCO, EPCU (with lowviscosities), HTA1, and
HTA2 [7], [8]. Commercially available materials evaluated in
this project are listed in Table I.

II. EXPERIMENT

Most of these fourteen candidates failed for either high
volume shrinkage or poor thermal stability. However, only
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TABLE I
COMMERCIALLY AVAILABLE AND HOME-MADE INTERFILL MATERIAL

CANDIDATES

EPOXY A (from Epoxy Technology, Inc.) with different
SiO filler loading was characterized using differential scan-
ning calorimeter (DSC), thermogravimetric analyzer (TGA),
dynamic mechanical analyzer (DMA), thermal mechanical
analyzer (TMA), Rheometer, thermal conductivity analyzer
(TCA), die shear tester, and scanning electron microscope
(SEM). Results based on the above mentioned studies are
discussed in this paper.

A. Sample Preparation

Candidate interfill materials reported in this paper include the
following. Epoxy A, B (Epo-Tek, epoxy base, two components,
part A:part B 10 1), HTA1, HTA2, EPCO, EPCU (Home-
made, epoxy base, low viscosity). LE-03 SiO(JCI USA Inc.)
powder with average diameter of 3–4m was selected as filler
to reduce coefficient of thermal expansion and increase thermal
stability of the candidate polymer resins. Specified amounts of
SiO were blended (Blender, Model 22 305A, Warning Prod-
ucts Division, Dynamic Corporation America) with candidate
epoxy resins with stirring rate from 0 to 15 000 rpm at the be-
ginning, hold at that rate for 20 s, then turned down. This step
was repeated five times. The blended samples were degassed
in a vacuum oven for 60 min under711.2 mm 28 in Hg
gage pressure. All prepared samples were stored in freezer at

40 C. Curing temperature for EPOXY A, HTA1 and HTA2
was 150 C for 60 min, for EPCU and EPCO was 250C for
30 min.

B. Thermal Property Evaluation

Thermal stability of the candidate interfill materials was
evaluated by thermal scanning analysis and isothermal analysis
using a thermal gravimetric analyzer (TGA), Model 2940 from
TA Instruments. Temperature for thermal scanning analysis
ranged from 25 C to 400 C at a heating rate of 5C/min in
a nitrogen atmosphere. For the isothermal analysis, the tem-
perature of sample was raised to 350C with a heating rate of
5 C/min, then held at 350C for 2 h, and the whole experiment
proceeded under nitrogen protection. Sample size for the TGA

test is about 20 mg. Sample shape was also controlled, since
the sample preparation was done by putting an approximately
equal amount of liquid epoxies into an aluminum pan with a
diameter of 6 mm. Therefore, the deviation due to the area of
sample exposed to the atmosphere can be ignored.

C. Rheology Study

Rheometer model AR 1000N (TA Instruments) was used for
viscosity test. A flow experiment mode was selected to measure
the viscosity of the samples changed with shear rate. Geometry
of the shear head is a pair of 4 cm diameter parallel stainless steel
plates with a gap of 80m in between. Shear rate was ramped
from 0.2 to 20 m/s m with a deviation of 5% at 25C. For the
viscosity versus temperature test, a flow experiment mode was
selected and the geometry is a pair of 2 cm diameter parallel
plates with a gap of 80m in between. The measurement was
done under shear rate control with a temperature range of 40 to
80 C and a shear rate of 1 m/sm.

D. Mechanical Property Characterization

Dynamic moduli of the interfill materials were measured
using a dynamic mechanical analyzer (DMA), Model 2980
from TA Instruments. The specimen for DMA testing were
prepared by placing the filler contained and degassed liquid
candidate materials into an 1.5diameter alumnium pan, and
then cured according to theaforementionedprocedures in a
convection oven. After curing, samples were peeled out from
aluminum pans and diced into strips (about 3211 2 mm)
using a diamond saw. DMA test was conducted in a single
cantilever mode under 1 Hz sinusoidal strain loading, and the
test temperature was raised from 30 to 250C at a heating
rate of 3 C/min. Storage modulus , loss modulus ,
and loss angle of a sample were obtained from asingle
experiment.

Coefficient of thermal expansion (CTE) of the candidate in-
terfillmaterials was determined by using thermal mechanical an-
alyzer (TMA), Model 2940 from TA Instruments. The specimen
preparation was the same as that for DMA testing, but the size
was about 5 5 2 mm. Testing temperature ranged from room
temperature to 180C at a heating rate of 3C/min in a nitrogen
atmosphere.

Adhesion between interfill materials and adherents (Si
substrate) was also tested. 22 mm (80 80 mil) dies were
directly attached to the 25.425.4 mm (1 1 in) Si substrate
using interfill material as adhesives. Adhesion test was per-
formed with an adhesion analyzer (Royce Instruments System
552) at room temperature before and after thermal aging at
350 C for 2 h. During the test, shear speed was controlled at
0.1 mm/s (0.004 in/s) with a vertical offset of 49m (0.002 in).

E. Thermal Conductivity Evaluation

A thermal conductivity analyzer (Holometrix C-MATIC,
Model TCA-200, Guarded Heat Flow Meter, from Holometrix
Inc. was used for measuring the thermal conductivity ofcandi-
datematerials by the guarded heat flow meter method. A test
sample was placed between two plates controlled at different
temperatures, resulting in a flux of heat running through the
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Fig. 1. Thermal gravimetric analysis on the interfill candidates (heating rate
= 5 C/min).

testedmaterial from the hotter plate side to colder plate side.
The amount of heat flow was measured with a thin heat flux
transducer attached to one of the temperature-controlled plates.
Sample preparation was the same as that for DMA test, but
sample size was 25.425.4 1.0 mm, and the two sides of
the sample must be parallel to guarantee the intimate contact
to both plates of upper thermal sink and lower thermal heater.
During the test, low thermal conductivity materials (foaming
springe, Dow Corning 340 silicone heat sink compound) were
used as thermal insulators to prevent heat flow going out
through the surrounding cylinder wall.

F. Reliability Analysis

Interfill materials were dispensed into 200m wide and 400
m deep groovesCu on Si substrates using a automated dis-

penser Model 403 from Asymtek. After curing, the filled sub-
strates were mounted in a epoxy mold for a cross-sectional spec-
imen preparation. Dispensing quality was observed with SEM.

Microstructural variations of samples before and after
thermalaging at 350 C for 2 h in a nitrogen oven were studied
with a scanning electron microscope (SEM), Model S-800
from Hitachi. Both fine polished samples and fractured samples
were gold sputtered for 5 min before SEM analysis.

III. RESULTS AND DISCUSSION

A. Interfill Materials Screening

Adding SiO filler into polymer resin is a common way to in-
crease the thermal stability and mechanical property of polymer
resin itself. In this study, thermal stability comparison on the
candidate interfill materials was conducted on the SiOfilled
samples. The results could ignore the discrepancy due to the in-
compatibility of SiO filler and polymer matrix. Fig. 1 shows
a change in weight remainder of the potential interfill materials
versus temperature scanning from 25 to 400C at a heating rate
of 5 C/min. EPOXY A with 55% SiO shows the best thermal
stability with 99.04% weight remainder at 350C. HTA1 with
60% SiO shows the second best thermal stability with 97.3%
weight remainder. The Results of isothermal stability analysis
on these candidate interfill materials are illustrated in Fig. 2.

Fig. 2. Isothermal stability comparison on the interfill candidates (isothermal
at 350 C for 2 h).

EPOXY A with 55% SiO shows the highest weight remainder
for isothermal test at 350C for 2 h, and the difference between
the starting and ending points of isothermal temperature also
shows the smallest weight loss, i.e., EPOXY A with 55% SiO
has the best performance during isothermal test at 350C for 2
h. HTA1 ranks the second in isothermal stability.

B. Mechanical Property Characterization

Mechanical properties of the interfill material play an
important role for the reliability of system chips. In
general, storage modulus , loss modulus , and

[7] are the key parameters that affect
the material’s stiffness, energy dissipation and damping prop-
erty. Coefficient of thermal expansion (CTE) is associated to
system chips’ structural stress due to the thermal mismatch
between interfill materials and relative adherents [8], [9].
Adhesion between interfill materials and Si substrates acts
as a critical factor to the interfacial behavior during swift
temperature increasing or decreasing. Generally, a 50 MPa
shear strength is considered as the lowest adhesion margin for
qualified MCM systems [10].

DMA was used to measure the modulus change of materials
with temperature. Fig. 3 illustrates the storage modulus, loss
modulus, of EPOXY A with 50% SiO changed with tem-
peratures. With temperature increases, storage modulus of the
sample first gradually decreases, dramatically decreases when
the temperature reaches glass transition point, and finally falls
down to almost less than 10 MPa due to the complete soft-
ening of the epoxy structure. Fig. 4 is a summary of storage
moduli, loss moduli, , and changed with SiO filler
loading percent in EPOXY A epoxy matrix at room temperature.
As the filler loading percent increases, storage modulus, loss
modulus and glass transition temperature increases, but
decreases slightly. This trend indicates that the stiffness and
damping property of the material increase with filler loading
percent at room temperature. The toughness of the material re-
mains almost constant. The temperature point (related to) of
initial movement of large polymer segment increases with the
increase of filler loading percent, because the existence of filler
acts as an inhibitor to the mobility of polymer segments.
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Fig. 3. Storage modulus, loss modulus andtan � of Epoxy A with 50% SiO
versus temperature.

Fig. 4. Comparison on storage moduli, loss modulitan � andT of Epoxy A
series.

CTE is another essential parameter to evaluate the mechan-
ical property of interfill materials. For the purpose of reducing
the CTE of polymers, high percent of filler loading had been ap-
plied to the EPOXY A matrix. The SiOfillers are amorphous
silica spheres with an average diameter of 3–4m. The rela-
tion between CTE and filler loading percent is shown in Fig. 5.
CTE shrinks quickly at low filler loading percent compared to
the pure EPOXY A resin, then the reduce trend slows down with
the increase of filler loading percent. As SiOfiller loading per-
cent varied from 0 to 55%, CTE’s below decreased from 62.8
to 35.3 ppm, CTE’s above decrease from 243 to 112 ppm.

Adhesion change before and after thermal aging at 350C for
2 h was evaluated with EPOXY A with 55% SiOused as ad-
hesive between Si substrates. The adhesion from shear test de-
creases from the starting 77.42 MPa to 58.02 Mpa after thermal
aging, approximately 20% difference. But it is still above the
strength limitation of 50 MPa. The die shear fracture mode ob-
served through microscope could somehow explain what hap-
pened to the material during the thermal aging. Fracture sur-
face of die sheared sample showed a mix-mode failure before
aging, while it showed an adhesive failure after 350C for 2
h aging. This may be caused by the CTE’s mismatch between
Si substrate and epoxy, which produced residual stress after the

sample cooled down from 350C and resulted in the delami-
nation easily propagating at the weakest interface. In addition,
outgassing may also affect the interfacial adhesion and cohesion
of polymer composite itself.

C. Rheology Study

Rheological property of the interfill materials is directly re-
lated to the processing feasibility. In general, viscosity is re-
ferred to as an internal resistance to the movement of molecules
and often used to evaluate the fluidity of liquids or pastes.

In this study, the viscosities of EPOXY A series with var-
ious filler loading percents were tested over time and tempera-
ture. The initial viscosities of EPOXY A series were tested with
shear rate changed from 0.2 to 20 m/sm right after samples
were prepared at 25C. The samples were stored in freezer at

40 C. The same batch samples were taken out 24 h later and
warmed up to room temperature, and re-tested. After the test, all
the samples were stored into the freezer for another 24 h, and
repeated the former steps. The whole measurement lasted 72 h.
Fig. 6 shows the average viscosity and shear stress of EPOXY A
with 55% SiO changed with storage time within the shear rate
range from 0.2–20 m/sm. Viscosity dramatically increased with
storage time. Shear stress at the same shear and storage time also
increased correspondingly. The viscosity change indicates that
the pot life of Epoxy A composite greatly depends on its vis-
cosity change and manufacture processing feasibility.

Correlation between viscosity and filler loading percent and
storage time are illustrated in Fig. 7. The trend of viscosity
against time and filler loading percent is very obvious. It can
be intuitively observed that the rate of change in viscosity ac-
celerated over each 24 h period, which was mainly due to the
auto-catalyzed polymerization between part A and part B of
EPOXY A once they were put together. It appears that after the
first 24 h, viscosity data of the samples begin to separate into
three groups. The EPOXY A with 65% SiOand 60% SiO
samples have the highest level viscosities. Next, the EPOXY A
with 55% SiO , 50% SiO , and 45% SiO samples have vis-
cosities less than the first group, but not the lowest. And the
EPOXY A with 40% SiO, 30% SiO , and 0% SiO samples
have the lowest level of viscosities. After 72 h storage time, the
viscosities of all the samples were from 75 times to 300 times
of their original viscosities. However, the EPOXY A resin was
not fully cured at this time as its major molecules are dimers,
trimers, or oligomers. Once the samples were heated to certain
high temperature, the dimers, trimers, or oligomers would ab-
sorb some energy to freely move around and approach enough
low viscosity for dispensing operation.

D. Thermal Conductivity Evaluation

Thermal conductivity is defined that the amount of heat flux
diffused through the unit cubic material with a unit temperature
differential between both sides of the sample. With semicon-
ductor feature size deep down to submicron, heat dissipation
from IC device becomes one of the pressing issues of the elec-
tronics packaging. Thermal conductivity of epoxy resin itself
is pretty low. Filler loading is a common way to improve the
thermal conductivity of polymer base. SiO, Si N , BN, AlN
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Fig. 5. TCE’s of Epoxy A series changed with silica filler loading percents.

Fig. 6. Viscosity and shear stress of Epoxy A with 120% SiOversus shear
rate over 72 h storage period.

Fig. 7. Viscosity versus storage time and SiOfiller loading percentage.

and SCAN (silica coated AlN) spherical or flaky powders with
various sizes are often used for that purpose. Although BN, AlN

Fig. 8. Thermal conductivity versus SiOfiller loading percentage on Epoxy
A base.

and SCAN have higher thermal conductivity compared to the
other two fillers, they will greatly increase the viscosity of the
filled polymer system even with lower loading percentage [11].
Flexibility of filler size of these three powders is also limited and
high manufacture cost is another disadvantage. In this study, we
selected spherical SiOwith average size of 3–4m as fillers to
improve the thermal conductivity of the EPOXY A composite
as well as CTE. Fig. 8 shows the thermal conductivity values
of EPOXY A series with different percent filler loading tested
around an average temperature of 75C. Thermal conductivity
of EPOXY A series shows a good linear relation to the filler
loading percent. Thermal conductivity of EPOXY A with 60%
SiO is 43.5% higher than that of base EPOXY A.

E. Reliability

TGA test provides the information of material’s thermal sta-
bility changed with temperature in nitrogen atmosphere. While
optical microscope and SEM can intuitively display the mate-
rial’s interfill quality and intrinsic change of microstructure oc-
curred before and after thermal aging. Fig. 9 illustrates the im-
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Fig. 9. Cross section images of filled trenches with 400�m depth and 200�m
width (samples cured at 150C for 60 mins, filler 45% silica).

Fig. 10. SEM cross section images on a well-polished sample with interfill
material filled in the trench after thermal aging at 350C for 2 h (epoxy A with
45% silica filler loading).

ages of cross section cut from dummy substrates with 200m
width and 400 m depth trench filled by EPOXY A with 55%
SiO . Fig. 9(a) is a 90 cutting and Fig. 9(b) is a 45C cutting,
but both from the same specimen. Materials filled the trench
pretty well. Good fill indicates the EPOXY A with 55% SiO
has a good wetting on the Si of the trench side-wall. SEM high
magnification images were shown in Fig. 10(a) and (b) after
specimen exposed to 350C for 2 h. Interfaces show a good
contact between EPOXY A matrix and Si substrate without any
defects appearing and fillers homogeneously distributed in the
EPOXY A. High magnification image of Fig. 10(b) displays that
the SiO filler was structurally encompassed by EPOXY A ma-
trix. No fatal cavities appeared inside the polymer matrix. In
addition, a further morphology study was done on the topogra-
phies of fractured specimens of EPOXY A with 45% SiO.

IV. CONCLUSION

EPOXY A based interfill materials, selected from fourteen
candidates, can meet the thermal stability requirement ac-
cording to the manufacture process. High percent SiOloading
can greatly increase the stiffness of the EPOXY A composite
system and provide a storage modulus on the order of GPa.

s were increased from 105 to 115C and CTE was reduced
to 35 ppm with filler loading percent increases from 0 to 55%.
Viscosity changed with storage time and filler loading percent
accordingly. Adhesion of the specimen still remains reliable
value after 350C for 2 h. Results from optical microscope

and SEM analysis indicates that EPOXY A itself can keep
thermally stable at 350C for 2 h and higher filler loading
benefits thermal stability improvement as well as mechanical
properties enhancement.
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