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Abstract—In this paper, a novel nano-scale conductive film
which combines the advantages of both traditional anisotropic
conductive adhesives/films (ACAs/ACFs) and nonconductive
adhesives/films (NCAs/NCFs) is introduced for next generation
high-performance ultra-fine pitch packaging applications. This
novel interconnect film possesses the properties of electrical
conduction along the z direction with relatively low bonding
pressure (ACF-like) and the ultra-fine pitch (< 30 pm) ca-
pability (NCF-like). The nano-scale conductive film also allows
a lower bonding pressure than NCF to achieve a much lower
joint resistance (over two orders of magnitude lower than typical
ACF joints) and higher current carrying capability. With low
temperature sintering of nano-silver fillers, the joint resistance
of the nano-scale conductive film was as low as 10~° Ohm. The
reliability of the nano-scale conductive film after high temperature
and humidity test (85°C/85% RH) was also improved compared
to the NCF joints. The insertion loss of nano-scale conductive film
joints up to 10 GHz was almost the same as that of the standard
ACF or NCF joints, suggesting that the nano-scale conductive
film is suitable for reliable high-frequency adhesive joints in
microelectronics packaging.

Index Terms—Adhesives, contact resistance, , fine pitch capa-
bility, interconnects, sintering.

I. INTRODUCTION

ICROELECTRONICS are driven toward smaller,

higher density, and lower cost solutions. Polymer-based
conductive adhesives have drawn much attention as an envi-
ronmentally friendly solution for lead-free interconnects.
Anisotropic conductive adhesives/films (ACAs/ACFs) are
becoming popular as one of promising candidates for lead-free
interconnection solutions due to their technical advantages such
as fine pitch capability (<40-pm pitch), low-temperature pro-
cessing ability, low cost, and environmentally friendly materials
and process, etc. [1]-[6] ACAs/ACFs consist of conducting
particles (typically 5-10 pm in diameter) and adhesives which
provide both attachment and electrical interconnection between
electrodes. In particular, ACFs are widely used for high-density
interconnection between liquid-crystal display (LCD) panels

Manuscript received July 18, 2007; revised July 13, 2008. Current version
published February 13, 2009. This work was recommended for publication by
Associate Editor R. Mahajan upon evaluation of the reviewers comments.

The authors are with the School of Materials Science and Engi-
neering, Georgia Institute of Technology, Atlanta, GA 30332 USA (e-mail:
cp.wong @mse.gatech.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TADVP.2008.2003428

and tape carrier packages (TCPs) to replace the traditional sol-
dering or rubber connectors. In LCD applications, traditional
soldering may not be as effective as ACFs in interconnecting
materials between indium tin oxide (ITO) electrodes and
TCP. Recently, ACFs have also been used as an alternative
to soldering for interconnecting TCP input lead bonding to
printed-circuit boards (PCBs). Also, NCAs/NCFs have been
attractive due to the finer pitch capability and lowest cost
options for interconnection materials without any conductive
filler [7]-[12]. As the fine-pitch capability and low stress in the
assembly is becoming hot issues, ACA/NCA interconnection
materials can be used more frequently in joining materials.

However, there are several issues for ACF/NCF as lead-free
interconnection application. Still they need high bonding pres-
sure for the assembly and interconnection. ACF normally needs
100 gf per bump with bonding area of 100 x 100 zm? for re-
liable contact resistance. NCF typically needs more pressure
than ACF such as 150-200 gf/bump, which is one of limits in
the bonding process for their application [13]. Another limita-
tion of ACF/NCF is the lower electrical properties compared
to solder joints because there is only mechanical/physical con-
tact of the joints and no metallurgical contact of interconnects.
To ensure low-contact resistance and high-current density, in-
terface between conductive fillers and electrode should be im-
proved [14]-[16].

One of the approaches to minimize the joint resistance is to
make the conductive fillers fuse each other and form metallur-
gical contacts such as metal solder joints. However, to fuse metal
fillers in polymers does not appear feasible, since a typical or-
ganic PCB, on which the metal filled polymer is applied, cannot
withstand the high melting temperature of conductive fillers.
However, our previous studies demonstrated the low tempera-
ture sintering of nano-sized conductive fillers at the processing
temperature of conductive adhesives [17]-[19]. As such, the
use of the fine metal particles would be promising for fabri-
cating adhesives with high electrical performance through elim-
inating the interface between metal fillers. The application of
nano-sized particles can also increase the number of conductive
fillers on each bond pad and result in more contact area between
fillers and bond pads. Therefore, the use of nano-sized particles
has potentials to improve the current density of the ACA joints
by distributing current into more conductive paths.

In this paper, in order to resolve the technical issues (high
bonding pressure and lower electrical performance) of tradi-
tional ACF/NCF while maintaining the advantages of ultra fine
pitch and low cost, a novel nano-scale conductive film incor-
porated with very low loading of nano-Ag fillers were studied
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Fig. 2. TEM picture of the nano-silver fillers used in this study.

for next generation high performance fine-pitch packaging ap-
plications. This novel nano-Ag conductive film (as illustrated
in Fig. 1) combines the electrical conduction along the z direc-
tion (ACF-like) and the ultra fine pitch (< 100 nm) capability
(NCF-like). The morphology of nano fillers and ACF joints was
characterized by using scanning electron microscopy (SEM).
The effects of nano-filler incorporation and sintering on the elec-
trical performance and reliability of novel adhesive joints were
investigated by comparing the current-voltage (/-V) relationship
of traditional ACF/NCFs and the novel nano-Ag conductive film
(NACF).

II. EXPERIMENTAL

The base formulation of a conductive film was prepared with
epoxy, curing agent and silane coupling agent. Nano silver
particles (from nGimat Corporation, Atlanta, GA) synthesized
by the combustion chemical vapor deposition (CCVD) were
used as fillers and the TEM picture of the nano silver particles
is shown in Fig. 2. The particles were mixed with the base
formation using sonication for three hours. The film was pre-
bonded on the substrate at 80 °C for 5 s. After removal of a
liner film, the substrate was aligned and the final bonding was
conducted at 180 °C with the application of different bonding
pressures. The electrical resistance of the joints (contact area:
100 x 100 xm?) on Au-finished test vehicle was measured
by a four-point probe method, where the current carrying
capability was determined as the current at which the voltage
shows nonlinear behavior in the I-V or the resistance abruptly
increases in the current-resistance (I-R) curve. The metal bond
pad was a gold-plated polyimide film substrate. The applied
currents were varied from 0.5-4.0 A by a power supply (HP
model 6553A, HP Hewlett Packard, Palo Alto, CA) and the
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Fig.3. Schematic illustration of dielectric property measurement of conductive
adhesives.

voltage of the interconnect joints was measured by a Keithley
2000 multimeter (Cleveland, OH). The reliability of joints was
conducted under the environment of 85 °C/85%RH (using
an accelerated temperature and humidity chamber, Lunaire
Environmental, model CEO932W-4) by measuring the joint
resistance periodically during aging.

To study the sintering behavior of nano-fillers, the nano Ag
particles were annealed at different temperatures and the mor-
phology of the annealed Ag particles was observed by scanning
electron microscopy (SEM), (Hitach S-800).

To characterize the insulation/dielectric properties, the con-
ductive adhesives or films were coated on a Cu substrate (as a
bottom electrode) with 20-30 pm thickness on which the top
electrodes were created by a direct current (dc) sputter with a 3
mm diameter. Then two voltage probes were put on the top and
bottom electrodes, respectively, as illustrated Fig. 3. Voltage was
applied between top and bottom electrodes where the adhesive
was located and a curve tracer was used to measure the break-
down voltages of the films.

The high-frequency measurements were conducted by using
a vector network analyzer (VNA; HP Model 8720 ES) up to
10 GHz. For simple characterization and comparison among
three adhesive materials, the S parameter S of flip chip joints
using NACF, NCF, and micron-sized particle-filled ACF were
measured. So; indicates insertion loss of device under test
(DUT). The test vehicle for the high-frequency electrical char-
acterization consists of two-port GSG 500-um transmission
lines method used in the literature [20]. A 500-pm pitch GSG
probe was used for the two-port measurements. For simple
characterization and comparison among three adhesive mate-
rials, the S parameters were measured.

III. RESULTS AND DISCUSSION

A. Sintering of Nano Ag Particles

In order to study the morphology and sintering behavior, the
nano Ag particles were annealed at 180 °C and 250 °C for
30 min, respectively. From SEM photographs shown in Fig. 4,
obvious sintering behavior has been observed after annealing.
The particles were fused through their surface and many of
dumbbell type particles could be found. The morphology was
similar to a typical morphology of an initial stage in the typ-
ical sintering process of ceramic, metal, and polymer powders.
This low temperature sintering behavior of the nano particles
is attributed to the extremely high interdiffusivity of the nano



LI et al.: NOVEL NANO-SCALE CONDUCTIVE FILMS WITH ENHANCED ELECTRICAL PERFORMANCE AND RELIABILITY 125

Fig. 4. SEM photographs of nano Ag particles annealed at (a) 180 °C and
(b) 250 °C for 30 min.

particle surface atoms, due to the energetically unstable sur-
face status of the nano particles, in particular, their high sur-
face-to-volume ratios. However, there was not much difference
in morphology for the particles annealed at 180 °C and 250 °C,
indicating 180 °C (a typical curing temperature for ACA/NCA
materials) is sufficient to get the particles sintered.

B. Effects of Bonding Pressure on the Electrical Property of
NACF

In order to study the required bonding pressure to achieve
low resistance, the bonding pressure during thermo-compres-
sion bonding of NACF and NCF joints was varied and the con-
tact resistance was measured. Fig. 5 shows the relationship be-
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Fig. 5. Effects of bonding pressure on the joint resistance of NCF and NACF.
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Fig. 6. I-R relationships of NACF and NCF joints with different curing time.

tween the various bonding pressures (50-200 MPa) and the con-
tact resistance of the joints.

As the bonding pressure increases, the contact resistance
of ACF/NCEF joint generally decreases due to the contact area
increment. For adhesives joints, there was a critical (minimum)
pressure below which the contact resistance remained high.
The result shows that the minimum bonding pressure for the
NACF was 150 MPa, while the bonding pressure for NCF was
200 MPa. This implies that the required bonding pressure can
be decreased for NACF joints.

C. Electrical Properties of NACF With Sintering

The I-R relationship of the NACF (1 wt% nano-Ag fillers)
joints are shown in Fig. 6 with various curing conditions and
compared with NCF joints. As can be seen from the figure, for
the NACF joints cured at 180 °C for 2 min, a joint resistance
of ~ 0.08 mf2 and current carrying capability of ~ 2.4 A were
observed. The joint resistance was two orders of magnitude
lower than a typical ACF (0.6 m{2 with micron-sized Au-coated
polymer fillers as compared in Fig. 7), while the current car-
rying capability was similar. The reduced joint resistance for
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Fig. 7. Comparison of I-R relationships of typical ACF, NCF, and nano-Ag
ACF.

the NACF was attributed to the superior electrical conductivity
of silver fillers. When increasing the curing time from 2 to 120
min the joint resistance was further reduced by over one order of
magnitude (0.005 mS2). In addition, the current carrying capa-
bility could also be enhanced from 2.4 to 3.4 A by prolonging
the curing time. The further improved electrical performance
(lower contact resistance and higher current density) is due to
the further sintering with longer time. The more sintering of
nano-sized fillers could enhance the interfacial properties of the
joints. As such, the joint resistance, which is a sum of bulk resis-
tance and interfacial resistance, would be significantly reduced.
In addition, the thermal properties could also be enhanced by
improving the interfacial properties. The higher thermal perfor-
mance could help dissipate the heat more efficiently at the adhe-
sive joints. Therefore, with further sintering of nano-Ag fillers,
the current carrying capability was also improved. Although the
NCEF joint had much lower resistance than the NACF when they
were cured at 180 °C for 2 min, prolonging the curing time to
120 min for the NCF joint did not induce much improvement of
the joint resistance and current carrying capability.

The I-R relationship of NACF was compared with those
of the NCF and a conventional ACF filled with micron-sized
Au-coated polymer balls, as shown in Fig. 7. With the sufficient
sintering, the joint resistance of the NACF was much lower than
that of the conventional ACF. In addition, the current carrying
capability was also dramatically enhanced due to the superior
interfacial properties and the more efficient thermal transport.
The joint resistance and current carrying capability were even
better than those of the NCF and lead-free solder joints, due
to the lower resistance of Ag fillers compared to the lead-free
solders.

D. Reliability of NACF Joint

The electrical reliability of NACF joint was evaluated at the
elevated temperature and humid environment (85 °C/85%RH).
Fig. 8 shows the contact resistance behaviors of NACF and NCF
joints under 85 °C/85%RH condition for over 500 h. The graph
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Fig. 8. Reliability of NCF and NACF under 85 ° C/85%RH.
TABLE I
INSULATION PROPERTIES OF CONDUCTIVE FILMS
Sample name Filler type Breakdown voltage (V)
Typical ACF Au/polymer (1wt%) 400 ~ 450
NACF-1 Nano-Ag (1wt%) Short
NCF No filler 1200 ~1400
TABLE II

COMPARISON OF INSULATION PROPERTIES OF NANO-SCALE ACF AND NCF

Sample name Filler type Breakdown voltage (V)

NACEF-1 Nano-Ag (1wt%) Short

NACF-2 Nano-Ag (0.1wt%) 1000-1400 V

NACF-3 Nano-Ag (with acid | 1000-1400 V
protection)

NCF No filler 1200 V-1400 V

clearly shows that the NACF joint had more stable joint resis-
tance than NCF joints with aging at 85°C/85%RH, indicating
a better reliability. This reliability improvement should be at-
tributed to the stable electrical contact between two Au elec-
trodes by sintering effect of nano-Ag fillers even under the mois-
ture absorption and hygrothermal expansion due to high temper-
ature and humid test condition.

E. Insulation Properties of Nano-Scale Conductive Films

For NCF and/or ACF joints, not only a high electrical prop-
erty in the z direction is important, but also the good insulation
property in the x—y plane is required. Voltage was applied in be-
tween top and bottom electrodes where the adhesive was located
and a curve tracer was used to measure the breakdown voltages
of the films. As shown in Table I, the typical ACF with 1wt% mi-
cron-seized Au/polymer fillers showed a breakdown voltage of
400V and the NCF joint had a much higher breakdown voltage.
However, the NACF with 1wt% nano-Ag fillers showed a very
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Fig. 9. VNA measurement results of (a) typical ACF joints with micro-sized
fillers, (b) NCF joints, and (c) NACF joints.

low breakdown voltage, indicating the poor insulation property,
probably due to the high conductivity of nano Ag fillers.

In order to improve the insulation property of the NACF,
there are two possible approaches. One is to reduce the filler
loading of conductive fillers. For the nano-sized fillers, the per-
colation threshold for conductivity would be much lower than
the micron-sized fillers, mainly due to the high surface area of
the nano conductive fillers. Therefore, low resistance can be
achieved at a much lower filler loading. As shown in Table II,
by lowering the filler loading from 1wt% to 0.1wt%, the break-
down voltage of the NACF can be significantly enhanced, in-
dicating a good insulation property. Alternatively, the nano Ag
fillers can be protected by organic monolayers which can miti-
gate the Ag bridging or the migration. It has been reported that

carboxylic acids have strong affinity to Ag surfaces and tend to
form the chelating compounds and protect the nano Ag fillers
[21]-[23]. Therefore, difunctional carboxylic acid was used in
the nano-Ag ACF formulations and the insulation properties
were compared in Table II. Obviously, the monolayer protection
of Ag nano-fillers was quite efficient in improving the insula-
tion properties as well. The electrical properties of the low-filler
loading and monolayer-protected NACF showed similar values
as the typical nano-ACF with 1 wt% fillers. Therefore, the sig-
nificantly improved insulation property of NACF was achieved
without sacrificing the electrical performance.

F. High-Frequency Characteristics of NACF Joints

The high-frequency characteristic for the novel NACF joint
is one of important properties for maintaining signal integrity
in high speed flip-chip device interconnection. Therefore, it is
necessary to characterize the high frequency behaviors of de-
veloped NACF in comparison with NCF and conventional mi-
cron-sized conductive filled ACF in the flip chip structure. Fig. 9
shows the high-frequency characteristics of ACF/NCF joints up
to 10 GHz. The insertion loss of different ACF/NCF flip chip
joints was almost the same, which indicated an acceptable high
frequency behaviors of NACF compared with conventional ACF
and NCF.

IV. CONCLUSION

In this study, a novel NACF which combines the advan-
tages of both traditional ACAs/ACFs and NCAs/NCFs was
introduced for next generation high performance fine-pitch
packaging applications. This novel interconnect film com-
bines the electrical conduction along the z direction with a
relatively low bonding pressure (ACF-like) and the ultra fine
pitch (< 30 pm) capability (NCF-like). With the low temper-
ature sintering of nano-silver fillers, the joint resistance of the
nano-scale conductive film could be as low as 10~° Ohm, even
lower than that of the NCF and lead-free solder joints. The
reliability of the nano-scale conductive film was also improved
compared to that of the NCF joints, while the insertion loss
of nano-scale joints were almost the same as the standard
ACF or NCF joints. Lowering the nano-Ag filler loading
level or applying the monolayer protection on Ag particle
surfaces could significantly improve the insulation/dielectric
property of the x—y direction. The novel NACF in this study
could be potentially used as high performance ultra-fine pitch
lead-free interconnects in electronic packaging applications.
However, particle size optimization, dispersion of nano-fillers
in polymer matrix, voiding control by degassing or coupling
agent, warpage control and particle entrapping need to be eval-
uated and resolved before the novel NACF can be implemented
in the flip-chip packages.
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