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A novel anisotropic conductive adhesive (ACA) with ferromagnetic conductive particles is studied for ver-

tical interconnects in high frequency applications. When the static magnetic field is induced, randomly dispersed 
conductive particles in an epoxy are aligned along the given magnetic field. To verify the RF characteristics of the 
ACA, coplanar waveguides (CPW) on silicon substrates were fabricated. Using a flip-chip bonding technology, 
fabricated silicon substrates with a 100 µm x 80 µm transition region were assembled. The magnetically aligned Z-
axis ACAs with two different diameter of conductive particles (10 µm and 25 µm) were used to characterize the 
created interconnects. As a result, it was observed that the density of created columns on a transition region domi-
nates the performance of assembled samples at high frequencies and the performance of assembled samples using 
the smaller particle (10 µm diameter) is more repeatable in 100 µm x 80 µm pad dimension. In comparison to the 
silicon sample with solder bumps, the difference in the insertion loss is less than 0.25 dB up to 20 GHz. Therefore, 
the magnetically aligned ACA is expected to become a promising alternative to high-frequency applications with 
less than 100 µm pad dimension and narrow pitches. 
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1.0 Introduction 

To date, a variety of bonding materials for inter-
connect have been widely used such as soldering, 
wire-bonding and etc. However, most of the high 
density interconnect processes using the conventional 
technologies are complicated and expensive. There-
fore, an alternative process with limited number of 
processing steps is required. Specifically, an assem-
bly method based on PbSn is one of the most familiar 
technologies thanks to superior mechanical/electrical 
reliability as well as less cost burden. However, 
recently many researchers have been searching for an 
alternative to this conventional method because 
recently taking into considerations for environmental 
friendlessness as well as product performance and 
cost impact is required [1]. 

As an alternative to these conventional technolo-
gies, several anisotropic conductive films/adhesives 
(ACF/ACA) have been widely used for applications 
requiring high-density packaging based on a flip-chip 
bonding technique because its low curing tempera-
ture and reasonable reliability is attractive in an 
industrial field [2]-[4]. However, its assembly 

process is sensitive to bonding conditions such as 
pressure and heating temperature during the flip-chip 
bonding process and it is required to optimize these 
conditions for successful assembly [5]. Still, the 
conventional ACA has relatively large capacitance 
because two interconnected pads are in parallel as far 
as around 10 µm by a monolayer of conductive 
particles. Thus, the parasitic inductance and capacit-
ance from the interconnects in the transitional region 
degrades RF performance at high frequencies [6]. 

In this paper, a novel anisotropic conductive ad-
hesive (ACA) is introduced. When a magnetic is 
induced, ferromagnetic particles move around in the 
epoxy and finally, they are aligned to create columns. 
Thus, as shown in Fig. 1, the created columns are 
interconnected vertically between a top and bottom 
substrate, and isolated horizontally keeping a rela-
tively uniform spacing between other neighboring 
columns due to their magnetic polarity. Fig. 2 shows 
the creation process when a magnetic field is induced. 
It was observed that the self-alignment time to create 
fully grown columns is approximately 10 seconds.  

The property of Z-axis conduction only in the Z-
axis ACA is useful in high integrated circuitry with 
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extremely small pad (less than 100 µm x 100 µm) 
and narrow pitches because created columns in the Z-
axis ACA allows only electrical interconnects in pads 
as long as the short connection between neighbor 
columns does not happen. Moreover, the diameter 
and spacing of created columns are expected to be 
related to particles’ size and shape from the observa-
tion of the distribution of created columns. Thus, the 
Z-axis ACA can be flexibly applicable by changing 
the properties of conductive particles.  

This epoxy includes several advantages; lead-
free, patterning-free for an individual pad during an 
assembly process, low-temperature curing process 
and environmental-friendly property. These benefits 
of Z-axis ACA are expected to enhance the flexibility 
of application range in RF packaging field. 

2.0 Z-axis ACA properties 

An epoxy generally consists of resin and fillers. 
The resin is cross-linked between polymers by ther-
mal curing process and this mechanism is considered 
as a desirable way for thermal-sensitive applications 
because the curing temperature is able to be con-
trolled by the composition of chemical components in 
the epoxy matrix, not scarifying any other main 
properties such as operating temperature range, CTE 
and glass transition temperature. In this study, a 
ferromagnetic metal is used for vertical self-
alignment in presence of magnetic field. The core of 
conductive particles is Ni and their surface is coated 
with Au (weight ratio 8%). This Au coating on the 

surface is to prevent from forming oxidization on Ni 
layer and promote electrical connection between 
particles in the column. The curing temperature of a 
Z-axis ACA is 160°C. Our main concerns are to 
characterize vertical interconnects created by the Z-
axis ACA on a silicon-to-silicon substrate and ana-
lyze the influence of RF performance with a change 
of conductive particles’ properties such as the diame-
ter and the shape of conductive particles. 

In this work, two types of conductive particles in 
a Z-axis ACA are compared in RF characteristics. 
The first type is an F formulation that has spherical 
shaped, nickel cores with an average diameter of 6.6 
µm, which creates columns with 10 µm average 
diameter. The second type is an A formation that has 
elliptical shaped, graphite cores with an average 
diameter of 23 µm, which creates columns with 25 
µm average diameter. The dimensions are determined 
from visual inspection using microscopic images of 
cured Z-axis ACA samples. From top-view images of 
samples with created columns, the density of col-
umns is counted to have 977 columns/mm2 and 193 
columns/mm2 for the F and A formulation respective-
ly. Therefore, the F formulation Z-axis ACA with 
smaller conductive particles is expected to be more 
suitable for an application with denser and smaller 
pads because it creates relatively large number of 
columns to reduce the resistance of the transition 
region in the smaller pads. 

3.0 Fabrication and measurement 

A silicon substrate with high resistivity 
(ρ=10,000 cm⋅Ω) is useful for validating high-
frequency characteristics of Z-axis ACA because it 
has low loss tangent and high permittivity (εr=11.9, 

           
(a) (b) 

            
(c)                                                    (d) 

Fig. 2.  Photographs showing the creation of columns 
in a Z-axis ACA (A formulation) when a magnetic 
field is induced at the elapsed time: (a) 0 second, (b) 
2 seconds, (c) 5 seconds and (d) 10 seconds. 
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Fig. 1. (a) Schematic of Z-axis anisotropic con-
ductive adhesive (ACA), (b) photograph showing 
created interconnects  
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tanσ=0.005). Substrate fabrication processes for this 
experiment are as follows;  

• deposition of Ti and Au, 
• patterning the features  
       (lithography and development),  
• wet etching 
• dicing the wafer.  

The width of the fabricated coplanar waveguide 
(CPW) is 80 µm and the width of the gap is 90 µm. 
Using flip-chip bonding process (FINETECH GmbH 
& Co, +/- 5µm accuracy), an assembly process for 
the alignment between two silicon substrates is car-
ried out. As shown in Fig. 3, a Z-axis ACA using a 
syringe is manually dispensed on the transition region 
of silicon substrate. This simplicity reduces the 
number of assembly steps. The transition region is 80 
µm x 100 µm and the gap between two silicon sub-
strates is approximately 50 µm. Assembled samples 
are cured in a magnetic oven for 15 minutes in pres-
ence of 0.25 tesla magnetic field because the assem-
bly processing time is not determined by the self-

alignment time of created columns, but the curing 
time of epoxy resin. A signal flow in an assembled 
silicon sample is as follows; it goes through 2 mm-
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Fig. 3. Z-axis ACA dispensing for assembly using 
a syringe on a silicon substrate.   
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Fig. 5. Measurement results of silicon samples assem-
bled with both A and F formulation Z-axis anisotropic 
conductive adhesive (8% Au coated fillers): (a) com-
parison of the anisotropic conductive adhesive sam-
ples with solder bumps, (b) repeatability of A formu-
lation interconnects, (c) repeatability of F formulation 
interconnects.  
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Fig. 4.  (a) Schematic view of the designed CPW 
sample, (b) assembled silicon on silicon sample. 
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long straight CPW, 100 µm upward vertical transition 
in overlap area, 1.8 mm-long straight CPW, 100 µm 
downward vertical transition, and 2 mm-long straight 
CPW. Using Agilent 8722 network analyzer, assem-
bled samples are measured up to 30 GHz after Short-
Open-Load-Thru (SOLT) calibration. The return loss 
of both F and A formulation Z-axis ACA is less than 
15 dB in the entire range, insertion loss per transition 
is 0.54 dB (F formulation) and 1.04 dB (A formula-
tion) at 30 GHz as shown in Fig. 4 (a).   

 From a repeatability test using 5 samples in 
Fig. 4 (b) and (C), it is shown that the variation of 
insertion loss is 0.37 dB (F formulation) and 1.21 dB 
(A formulation). Thus, the RF characteristics be-
tween samples in the F formulation epoxy with 
smaller particles are more repeatable. As a result of 
inspection of columns’ distribution, the number of 
columns in F formulation epoxy is 7.8 average col-
umns in the 80 µm x 100 µm transition region while 
2.6 average columns in A-formulation epoxy assum-
ing that the created columns is uniformly distributed. 
Therefore, in comparison between silicon samples 
assembled with F and A formulation, the number of 
columns is dominant to determine the RF perfor-
mance such as insertion loss and repeatability in less 
than 100 µm x 100 µm pad dimension. In addition, 
the equivalent circuit of columns in the transitional 
area is modeled by RLC lumped components. It 
consists of a series resistor, a series inductor, and a 
parallel capacitor. A series resistor represents the 
contact resistance in an individual column and the 
number of columns in a pad, a series inductor is 
determined by the self-inductance and the mutual 
coupling of created columns, and a parallel capacitor 
is determined by an electric field created between 
two parallel pads.  

Herein, the resistance is directly measured and it 
is approximately 0.45 Ω. Assuming that the resis-
tance dominates the impedance at low frequencies, 
the insertion loss of a silicon sample at 100 MHz is 
calculated to be 0.26 dB, which agrees well with the 
measured insertion loss of 0.27 dB at the same fre-
quency. The frequency dependence caused by the 
skin effect within the rods is not explicitly modeled, 
and as an approximation, this low frequency value is 
used throughout the frequency range. The capacit-
ance is calculated in the transition area by HFSS® 
simulator and it is approximately 0.12 pF. To calcu-
late the parasitic inductance of the Z-axis anisotropic 
conductive adhesive, we simplify the impedance in 
the transition area by removing the resistance in an 
HFSS® simulation model, by defining all metallic 
elements as perfect electric conductors. The induc-
tance of the Z-axis interconnects is then calculated 
using de-embedding [7] in the HFSS® simulation, 

and it is approximately 17 pH for the 50 µm long 
interconnects. By a series inductance and a parallel 
capacitance, the calculated resonance frequency is 
approximately 110 GHz and it is high enough not to 
limit the packaging performance at our operating 
frequency range up to 30 GHz. As shown in Fig. 6 (c), 
the results using ADS® and HFSS® simulator agrees 
with the measurement up to 30 GHz. Therefore, Z-
axis anisotropic conductive adhesive can be de-
scribed with an equivalent circuit model containing 
lumped elements determined from the interconnect 
structure. 

4.0 Conclusion 

In this study, we analyzed the RF characteristics 
of a novel Z-axis ACA on silicon substrates. It was 
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Fig. 6. Simulation result: (a) Modeling of an assem-
bled structure using HFSS®, (b) an equivalent circuit 
using ADS®, and (c) S-parameters compared between 
simulation and measurement result (F formulation). 
. 
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demonstrated that the RF performance of Z-axis 
ACAs are similar to that of a silicon sample with 
solder bumpers. The silicon samples were assembled 
by manually dispensing a magnetically aligned Z-
axis anisotropic conductive adhesive without any 
additional preparation for individual chip I/O pad 
bonding or any accurate dispensing technique to 
control the amount of this material. Despite the 
manual application, the silicon samples utilizing this 
process were demonstrated to work through 30 GHz. 
Consequently, the magnetically aligned anisotropic 
conductive adhesive can be considered for low-cost 
high-frequency interconnects instead of the conven-
tional solder-bump technology.  
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