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Abstract

The yield of wire bonding predominantly depends on the
surface characteristics of wire bond pads. The contamination
on bond pads may result in low ball shear/wire pull strength
and poor strength uniformity. Therefore, it is essential to
remove the contaminants from the bond pad surface prior to
wire bonding. In the present study, the effects of plasma
cleaning on the reliability of wire bonding are investigated.
Two types of plasma cleaning with various processing
parameters are studied. Besides, specimens without plasma
cleaning are also investigated for benchmarking. In addition
to the comparison of contact angle, both ball shear and wire
pull tests are performed to evaluate the effects of plasma
cleaning. From the experimental data, it is observed that the
plasma cleaning with proper parameter tuning can improve
the contact angle characteristics and the reliability of wire
bonding. However, a certain type of plasma cleaning may
reduce the ball shear strength. Further analytical inspection is
conducted on the bond pad surface. Detailed composition
characterization is performed to confirm the findings of the
present study.

Introduction

Wire bonding is the major interconnecting method
between the die and the substrate. Since there are a
tremendous amount of wires bonded in the electronic
packages, the requirement for the yield and reliability of wire
bonds is very high. For failure prevention and cost reduction,
the processing parameters of wire bonding must be optimized
to make reliable bonds [1].

In addition to obvious bonding parameters such as
ultrasonic energy, time, force and temperature, there is
another category of factors contributing to the success of wire
bonding. They are the surface characteristics of bond pads [2].
In fact, the yield of wire bonding predominantly depends on
the cleanness on the surface of bond pads. The contamination
on bond pads may result in low ball shear/wire pull strength
and poor strength uniformity. Therefore, it is essential to
remove the contaminants from the bond pad surface prior to
wire bonding.

In the literature, it is known that contaminants such as
oxides and hydrocarbons can degrade the surface quality
causing high wire bond failure rates. The contamination at a
concentration level of less than one gram per cubic meter can
already affect the bonding strength substantially. The source
of contamination usually originates from the IC fabrication
and package assembly processes. For instance, the residues

from die singulation or outgassing from adhesives are
potential contaminants [3]. A proper cleaning process may
remove the unwanted particles and enlarge the process
windows of wire bonding. As a result, the bonding quality is
improved and the production yield is increased. However,
conventional cleaning methods such as wet chemical cleaning
and solvent degreasing have the drawback that the traces of
chemicals are left on the treated surface. Therefore, they have
often been found to be inadequate for the complete removal of
contaminants [4]. Nowadays there are various approaches to
reduce the contamination on organic and metallic surfaces.
Among them, the plasma cleaning technology is considered
the most promising one.

In the present study, the effects of plasma cleaning on the
reliability of wire bonding are investigated. Two types of
plasma cleaning with various processing parameters are
studied and compared to specimens without plasma cleaning.
After the surface treatment on the wire bond pads, the contact
angle is measured as an index of the surface quality.
Subsequently, both ball shear and wire pull tests are
performed to evaluate the effects of plasma cleaning.
Furthermore, a detailed surface analysis using Auger electron
spectroscopy (AES) is conducted on the bond pad surface.
The composition on the surface with various treatments is
characterized to interpret the results of the present study.

Plasma Cleaning

Many gases may become reactive at a certain temperature.
However, with the activation of electrons, some gases may
achieve reactivity in plasma at the room temperature [5]. The
plasma cleaning is performed in a vacuum chamber (see
Figure 1) that is equipped with an insulated substrate holder.
Magazines filled with strips are placed on the strip holder.
The plasma source consists of a heated filament placed in a
separate cavity. An orifice connects the cavity to the chamber.
A working gas (usually Ar gas) is fed in to the cavity. For
cleaning, the reactive gas (H,) is fed directly into the vacuum
chamber. A gas discharge is established by applying a
potential between the heated filament and ground. For the DC
voltage of 20-30V, electron currents between 10A and 200A
are obtained from the plasma source using a power supply.
The hydrogen gas is activated (or ionized) with the DC
discharge [5]. The energy of activated gas is large enough to
enhance the gas—surface chemistry to form hydrogen volatile
compounds, but still too small to remove materials by
physical impact (sputtering). Therefore, the re-deposition of
particles is avoided.



Figure 1: Plasma Machine for Reactive Cleaning

Figure 2: Plasma Machine for Sputtering Cleaning

The aforementioned mechanism may be called plasma
chemical cleaning or reactive cleaning. There is another type
of plasma machine using a different mechanism for cleaning.
When the bias voltage applied to the substrate is larger than a
specific threshold, high energetic ions are generated to
perform cleaning by removing surface particles, in particular,
non-volatile species such as metal atoms, with physical
impact (sputtering). For instance, the sputtering threshold for
Cu, Ni and Al is 17eV, 21eV and 13eV, respectively. This
type of cleaning mechanism may be called plasma physical
cleaning or sputtering cleaning (see Figure 2).

Compared to plasma chemical cleaning, plasma physical
cleaning has a serious drawback that a portion of the sputtered,
non-volatile particles may be floating around inside the
processing chamber and re-deposited back to the specimens
under cleaning. This phenomenon may increase the risk of
cross-contamination, especially when different types of
substrate materials are processed in the same cleaning
chamber. Furthermore, on metallic surfaces, plasma physical
cleaning does not have the feature of self-terminating as
plasma chemical cleaning does [5]. Therefore, there may be a
risk of “over-cooking”.

Table 1: Matrix for Design of Experiment

Cleaning Gas RF
DOE Leg # Time Ratio Power
1 (no plasma) - - -
) a 5 min 20:20 -
(Reactive b 5 min 20:40 -
Plasma .
10 20:20 -
Cleaning) ¢ min
d 10 min 20:40 -
; a 10 sec - 400
(Sputtering | b 10 sec - 500
Plasma
20 - 400
Cleaning) ¢ se¢
d 20 sec - 500

Experimental Procedures

In the present study, all specimens were GaAs die with Al
bond pads. Besides, the dies had been attached to Ag plated
Cu leadframes. For the purpose of design of experiment
(DOE), a test matrix with 9 legs as shown in Table 1 was
arranged. Two types of plasma treatment (reactive type:
Balzer LFC 150 and sputtering type: Panasonic PC30) with
various processing parameters were performed to clean the
bond pads before wire bonding. Besides, specimens without
plasma cleaning were also investigated for benchmarking.

After the surface treatment, the contact angle was
measured as an index of surface quality of the bond pads.
Subsequently, Au wires were bonded to the treated pads using
ESEC 3006 high frequency (128 kHz) ball bonder. The wire
diameter and the bond pad pitch were 1.2 mils and 80 pum,
respectively. In order to evaluate the effects of plasma
cleaning, both ball shear and wire pull tests were conducted
using a DAGE tester. Furthermore, AES analysis was
performed on the treated, but not bonded, pad surface. The
composition on the surface was characterized to interpret the
results of the present study.
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Figure 3: Comparison of Contact Angle



Testing Results and Discussion
Contact angle measurement

The contact angle method is widely used to characterize
the wetting quality of a surface. Such measurement is a simple
index to describe how easy (or how difficult) a certain liquid
can wet a particular surface. In general, a contact angle less
than 90° would represent a wettable surface. Otherwise, the
surface is considered non-wettable [6].

In principle, high surface energy solids are hydrophilic
and tend to promote wetting. Conversely, low surface energy
solids, which do not promote wetting, are hydrophopic. Since
most organic contaminants are hydrophopic, the measurement
of contact angle can serve as a simple method to characterize
the surface cleanness of wire bond pads.

In the present study, the contact angle measurement was
performed using Glassivation before (Leg #1) and after (Legs
#2 and #3) plasma cleaning. The measurement results are
presented in Figure 3. Note that the mean and standard
deviation values in Figure 3 are based on a testing population
of 20 samples for each case. It is observed that the surface
without plasma cleaning has a contact angle of 68° the
surface with reactive plasma cleaning has a contact angle of
~17° the surface with sputtering plasma cleaning has a
contact angle of ~28°. In other words, from the results of
contact angle measurement, the surface cleanness of bond
pads is in the order of plasma chemical cleaning (best),
plasma physical cleaning, and no plasma cleaning (worst).
Note that, among different cases within Leg #2 and Leg #3,
respectively, the variation in contact angle is not significant.
Ball shear strength

The ball shear strength is the most direct index to
evaluate the quality of ball bonds. The testing results for all
nine cases are given in Figure 4. Note that the mean and
standard deviation values in Figure 4 are based on a testing
population of 25 samples for each case. The general trend
indicates that the specimens with reactive plasma cleaning
have the highest ball shear strength. Also, it is interesting to
note that the bond pads with sputtering plasma cleaning have
a lower ball shear strength than those without any plasma
treatment. It is believed that this phenomenon is due to the
“secondary contamination” caused by the re-deposition of
sputtered particles. It is also observed that, for various cases
within Leg #2 and Leg #3, the ball shear strength may be
affected by the processing parameters. Therefore, the proper
tuning of plasma cleaning is essential to the bonding quality.
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Figure 4: Comparison of Ball Shear Strength
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Figure 5: Comparison of Post-Ball Shear Pattern

Furthermore, optical microscopy was performed on the
tested bond pads to inspect the failure modes. From the
pictures shown in Figure 5, it is noted that the post-ball shear
failure modes of Leg #1 and Leg #3 are similar. On the other
hand, the specimens subjected to reactive plasma cleaning
show a pattern with more “dragging”, which is considered a
sign of higher ball shear strength.

Wire pull strength

In the present study, in addition to the ball shear test, the
wire pull test was also conducted to evaluate the effects of
plasma cleaning. The testing results are shown in Figure 6.
Note that the mean and standard deviation values in Figure 6
are based on a testing population of 25 samples for each case.
In general, the deviation in the wire pull strength among
various cases under investigation is not significant. However,
more detailed comparison reveals that the standard deviation
of Leg #1 data is larger than others indicating a poorer wire
pull strength uniformity. Furthermore, it is found that the wire



pull strength is still the lowest among the three legs. This
phenomenon should be due to the effect of particle re-
deposition as explained in the previous section.

Figure 7 presents the optical microscopy on the top of
ball bonds after wire pull test. It is observed that Leg #1 and
Leg #2 have similar failure (neck breaking at the top of ball
bond). Nevertheless, some specimens in Leg #3 show a failure
mode of ball bond lift-off. This observation confirms that the
lower wire pull strength of Leg #3 is a result of poor ball
bonding, which should be due to the “secondary
contamination” [7].
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Table 2: AES Analysis for Pad Surface Composition

DOE#| C 8] Al F | Cu Ag
1 33.7 | 265 | 39.8 | - - -
2a 9.7 | 479 | 424 | - - -
2b 84 | 489 | 40.7 | 2.1 - -
2c 9.8 | 49.0 | 38.7 |25 - -
2d 82 | 50.1 | 404 |14 - -
3a 206 | 342 | 385 | - 4.4 23
3b 79 | 386 [ 350 ] - |[153] 3.1
3c 86 | 341 | 387 | - | 143 ]| 44
3d 10.8 | 29.0 | 383 - | 167] 53
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Figure 8: AES Surface Analysis
AES Surface Analysis

In order to investigate the re-deposition effect, a surface
analysis using AES was performed on treated bond pads
without wire bonding. From the surface composition analysis
shown in Figure 8, it is observed that the plasma cleaning
(both reactive and sputtering types) could effectively remove
organic (corresponding to the carbon concentration)
contaminants [8]. However, for those specimens in Leg #3,
new contaminants such as Ag and Cu were introduced. It is
believed that these elements were sputtered particles from the
leadframe. Those particles were floating around inside the
cleaning chamber and eventually re-deposited to the surface
of specimens, causing poorer wire bonding strengths
(including ball shear and wire pull).

In Figure 8, it should be noted that there is a small
amount of fluorine (F) detected on the specimens in Legs #2b-
2d. It seems that this extra element has some impact on the
wire bonding quality (because #2a is always the best case
among Leg #2 in Figures 4 and 6). However, the source of
fluorine is not yet determined.



Summary and Conclusions

In this paper, an investigation on the effects of plasma
cleaning on wire bonding is presented. Both reactive and
sputtering types of plasma cleaning with various processing
parameters were studied and compared to specimens without
plasma cleaning. For design of experiment, a test matrix with
nine different cases was arranged. During the course of the
present study, several experimental techniques were applied to
evaluate the effects of plasma cleaning. Among them were
contact angle measurement, ball shear test, and wire pull test.
Furthermore, an AES surface analysis was conducted to
interpret the results of the present study.

From the comparison of contact angle, it was observed
that the plasma cleaning could substantially improve the
wetting ability of the bond pad surface. The experimental data
from both ball shear and wire pull tests indicated that,
compared to the bond pads without plasma treatment, the
reactive plasma cleaning could provide the highest wire
bonding strength but the sputtering plasma cleaning would in
fact reduce the wire bonding strength. Further failure analysis
by optical microscopy also confirmed the aforementioned
phenomena.

With the AES analysis, the composition on the surface of
bond pads for all cases under investigation was characterized.
It was identified that both types of plasma cleaning could
effectively remove organic contaminants. However, for those
specimens  with  sputtering plasma treatment, new
contaminants were introduced inside the cleaning chamber
and eventually re-deposited to the surface of specimens. As a
result, the wire bonding strengths (including ball shear and
wire pull) were reduced.

In conclusion, the bond pads with reactive plasma
cleaning can provide the best wire bonding quality. However,
with various processing parameters, there is still some
deviation in bonding strength. Therefore, it is essential to
optimize the processing parameters of reactive plasma
cleaning so that the highest yield and reliability of wire
bonding can be achieved.
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Abstract

Immersion Ag and immersion Sn coatings obtained
through the electroless process have emerged as an alternative
to Ni/Au metallisation layer for more uniform thickness and
lower material cost. Microscopic studies by SEM, AFM and
TEM indicated that the Ag coating had a finer surface
morphology and lower thickness than the Sn coating.
Composition study by XPS indicated that copper and sulphur
were present in the Ag coating surface, indicating migration of
underlying copper layer and tarnishing of silver surface.
Further study based on the D-SIM revealed that both the Ag
and Sn immersion coatings were organometallic in nature.

Wire bond mechanical tests showed that both the Al and
Au wires were bondable on immersion Ag finish. However,
the bondability of these two wires on immersion Sn was poor
due likely to low melting point of the Sn intermetallic. Further
study is required to verify whether grain size and hardness of
Sn finish would affect wire bondability. Plasma treatment
and UV/Ozone treatment were made onto these plates with no
appreciable improvement in bondability. Fracture analysis of
the bonded Ag coating indicated that the wire broke at the
neck after pull test, a reflection of lower strength of wire at the
necked region than at the bonded interface, as also confirmed
by the lower pull strength than the shear strength.

Introduction

Organic printed circuit boards (PCBs) with Ni/Au plates
on bond pads have been widely used for interconnection in
chip-on-board (COB), ball grid array (BGA) and chip-scale
packages (CSP). With low cost as a driver in the electronic
packaging industry, immersion coatings obtained through the
electroless process have emerged as an alternative to Ni/Au
metallisation layer. These coatings have advantages of
uniform thickness and low material and processing costs
compared to the conventional electrolytic Ni/Au metallisation
layers for wire bonding. The previous study on wire
bondability to immersion Ag was concentrated on
optimization and fine tunning of wire bonding parameters [1].
Therefore, the use of the PCB with immersion Ag finish needs
more detailed characterization studies before it can be
extensively used [2]. For the use of PCB with even cheaper
immersion Sn finish [3], careful studies are also required
because this finish has been developed as an alternative to
Sn/Pb finishes for solder joints [4,5] but not for wire bonding.

This paper is to characterize the AlphaLEVEL™
immersion Ag [6] and Dexcoat FST immersion Sn coatings
[7], as well as to study the feasibility of using Al and Au wires

for bonding onto these two finishes. Several state-of-the-art
techniques and instruments, including scanning electron
microscope (SEM), atomic force microscope (AFM). X-ray
photoelectron spectroscopy (XPS), transmission electron
microscope (TEM) and dynamic secondary ion mass
spectrometry (D-SIM), were employed to measure the surface
and elemental, physical and chemical characteristics of Ag and
Sn coatings. Special emphasis was placed on establishing the
correlations of the characteristics with wire bond strength. An
AB559 automatic wedge bonder with ultrasonic transducer
frequency at 62 kHz was employed to bond 32 pm Al wire
and 25 um Au wire onto the immersion coatings. After
measurement of pull and shear strengths, microscopic analyses
of the fracture surface were performed to identify the failure
mechanisms.

The plasma treatment has been proved to be effective in
removing organic contamination with improvement in the wire
bondability on Au metallization [8]. Plasma and UV/Ozone
treatments were also be performed on these coatings to
observe any improvement in wire bondability.

Experiments & Results

The experiments were divided into four parts:
characterization studies of the immersion coatings, mechanical
wire bondability tests, fracture analysis of the bond pads after
pull/shear tests and finally effects of plasma and UV/Ozone
treatments on bondability.

Characterization Studies of Immersion Ag and Sn

Surface Morphologies by SEM

The SEM pictures taken by a JOEL scanning electron
microscope are shown in Fig la & 1b. The immersion Ag
coating has a finer grain structure than the immersion Sn
coating. The Sn has a well polygonized grain structure which
had been reported helpful to resist dendritic growth and
whisker formation [3,9]. The grain size is believed to have a
significant effect on solderability as well as on wire
bondability because the soft, well-defined polygonized grain
crystal [3] is easier to form intermetallics than those with
irregular coarse grains of brittle and hard properties.
Previous study on Au metallization had proved that hardness
of substrate surface would affect wire bondability [8].
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Fig 1b : SEM pictures of immersion Sn coatings at 5000X

Surface Morphologies & Roughnesses by AFM

The AFM images of Ag and Sn coatings were obtained
from a scanned area of 100pum X 100 pum using Nanoscope E
of Digital Instruments are shown in Fig 2a & 2b.
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Fig 2a : AFM pictures of immersion Ag at 100pum X 100 ym scan
area.
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Fig 2b : AFM pictures of immersion Sn at 100um X 100 ym scan

area.

These AFM images are basically similar to those produced
from SEM. The AFM can additionally produce the 3D images
with roughness data determined in terms of the arithmetic
mean (Ra) and root mean square (Rms) as follows :

.................... (1)

o[ Ebon]

As indicated in Fig 3, the roughness of immersion Ag is
lower than that of immersion Sn.

Immersion Coating Roughness
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Fig 3 : Surface roughness of immersion coatings by AFM

Surface Compositions & Depth Profiling by XPS
The experiment was conducted using the PHI 5600 Multi-
technique System. The XPS spectra of immersion Ag and Sn

finishes are summarized in Fig 4a & 4b.
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Fig 4b : XPS Spectrum of immersion Sn

By integration of the peak area, the elemental
compositions of the coatings were determined as shown in Fig
5.



Surface composition of Immersion Coatings
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Fig 5 : Elemental Composition of the immersion Ag (left) and
immersion Sn (right) at Surface by XPS

The presence of sulfur (S) on the Ag surface indicates that
silver was tarnished due to reaction between Ag and the trace
amount of sulphur dioxide in atmosphere. Copper (Cu) was
also present arising probably from migration of the base Cu
substrate. Sulfur was not found at the immersion Sn surface
indicating that there was no tarnishing because Sn was not
reactive with sulfur dioxide. Copper was also not observed

proving that Cu migration was not significant for the Sn
coating.

To better understand the elemental composition change
across the whole layer of immersion coating, an XPS depth
profiling was conducted for each coating, and the results are
summarized in Fig 6a & 6b.
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Fig 6a : Depth Profile of immersion Ag coating by XPS.
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Fig 6b : Depth Profile of immersion Sn coating by XPS.

As observed from Fig 6a, the Cu content increased and the
Ag content decreased with sputtering time for immersion Ag.
Equilibrium values were attained at which the Cu base
substrate was arrived. Similar drop of Cu content was also
observed in Fig 6b, due to high coating thickness of
immersion Sn, the base substrate was not reached within our
experimental limit. The presence of O, C in both the coatings
indicated the presence of organic ingredients.

Cross sectional structure by TEM [10]

The cross sectional TEM structures are shown in Fig 7a &
7b for the Ag and Sn coatings respectively. It could be
observed from the TEM photos that immersion Ag had a

lower coating thickness and much finer grain structure than
immersion Sn.
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Fig 7b : Cross sectional structure of immersion Sn by TEM.

Cross sectional compositions by D-SIM

The test specimens were bombarded with a narrow beam
of cesium ions, the secondary ions generated from the
bombarded area were then separated according to their mass-



to-charge ratio. The relative quantity of the measured
secondary ions were counted and converted to concentrations,
to reveal the composition and trace impurity content of the the
specimen as a function of sputtering time (depth) with result as
summarized in Fig 8.
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Fig 8b : Depth Profile of immersion Sn by D-SIM

Due to use of higher molecular weight of Cs+ ion, the
penetrating power of D-SIM is higher than XPS. The D-SIM
result agreed well with the XPS depth profiles in that the
immersion Ag is thinner than Sn. Furthermore, the presence
of C and O within the coating layer indicated that both the
immersion coatings contained organic materials. The organic
ingredients originated from organic additives added in the
immersion solutions to improve the quality of coatings and to
enhance operating window of immersion solutions [11].

Mechanical Bondability Test

An ABS559 automatic wedge bonder was used to produce
Al and Au wire ultrasonic wedge bonds to the Ag and Sn bond
pads. Several bonding setups were tried for best bondability
for each set of conditions. Table 2 lists the optimized bonding
parameters achieved and utilized for the whole experiment.

It was observed that bonding could only be made on
immersion Ag, but not on immersion Sn. To measure the wire
bond strength on Ag coating, the pull and shear test were
performed and the results are summarized in Fig 9. The pull
test was conducted on a conventional pull tester, whereas
shear test on a Dage Gauge 4000 at a shear height of 4um.

Table 2 : Wire bonding setup

Bonding wire Tanaka American Fine Wire
1.25 mil Al wire 1 mil Au wire

Wedge tool: Gaiser, 2130-2025-L | SPT, FP30B-TI-

2020-L-CGM

Ultrasonic Uthe 70PTL wedge transducer

transducer (62 kHz)

Heat-up Temp (°) 25 125

Bond power (unit) 100 85

Bond force (g) 20 20

Bond time(ms) 30 30

Wire Bond Strength on Immersion Ag

Bond Strength (

Al wire Au wire

Fig 9 : Pull strength and shear strength of Al wire and Au wire on
immersion Ag

As shown, both the pull and shear strengths of Al wire
were higher than those of Au wire while the shear strength was
much higher than pull strength for both wires.

Fracture Analysis

To better understand the fracture phenomenon and why
shear strength was much higher than pull strength, a fracture
analysis was performed before and after the test based on the
microscopy. Fig 10 shows the normal view of the Al and Au
wire bonds on immersion Ag.

Fig 10 : Normal View of Wedge Bonding of Al wire (left) and Au
wire (right) on immersion Ag by SEM

As shown in Fig 10, the wedge bond of the Al wire is
different from Au wire due to difference in the design of
wedge bond tools. It seems that the wedge bond tool for Al
wire made a weak keel neck as this portion appeared to be
very thin to break. It was then observed that debonding did
occur at the keel neck for Al bond after pull test as shown in
Fig 11. For Au bond, breaking occurred at the thin region of
bond pad with the weakest strength. Therefore, pull strength




does not represent a real measure of the interfacial bond
between the wire and the substrate as the bond pad deformed
during the bonding thereby making the thin region with the
weakest wire strength to break when pull test was performed.

Fig 11: Substrate of immersion Ag after pull tests of Al wire (left)

and Au wire (right)

To measure the actual wire bond strength, the shear test
was performed, Fig 9 showing that the shear strength much
higher than the pull strength. The fracture surface after the
shear test is shown in Fig 12.
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Fig 12 : Substrate of immersion Ag after shear tests of Al wire (left)

and Au wire (right)

As shown, the substrate surface was only left with residue
of wire material with almost the whole wedge bond removed.
The fracture surface consistently exhibited failures at the
bonded region, rather than failure at the wire neck. This
suggests that the shear strength is a better representation of the
interfacial wire bond strength.

Effect of Plasma Cleaning and UV/Ozone Cleaning

To study the effect of plasma [12] and UV/Ozone cleaning
on wire bondability on immersion Ag and Sn, a study was
performed with the as-received sample as control. After
cleaning, the Ag substrate was analyzed using XPS to study
the elemental changes on the surface. The pull strength and
shear strengths were also measured.

The elemental compositions of the as-received, plasma-
cleaned and UV/Ozone-cleaned Ag samples are shown in Fig
13.

Surface composition of IInmersion Coatings
100% bono \\\\m

= E

= R

E 30% -

E 60%

o]

g 4004

&

E 20%

=
%4 "

As-received Plas ma-cleaned UW/0zone-cleaned
@ Br 0 079 244
= Cl 1.14 537 199
oS 051 109 066
oo 165 274 369
@ C 514 299 %5
ocu 629 982 733
mAg 239 245 233
Fig 13 : Elemental composition of the as-received, plasma-

cleaned and UV/Ozone-cleaned immersion Ag samples analysed by
XPS

As illustrated in Fig 13, the carbon content dropped
significantly after either plasma cleaning or UV/Ozone
cleaning. This indicated that organic contamination was
somehow removed. However, the oxygen content increased at
the same time, indicating that the substrate surface was also

_oxidized after the cleaning. Furthermore, the sulphur content

increased after cleaning due to tarnishing, and the copper
content increased due probably to accelerated migration from
the underlying Cu during cleaning.

The wire bondability results are summarized in Table 3.
Either plasma or UV/Ozone cleaning did not improve the

bondability for Sn coating, although there was some
Zimprovement for Au wire on Ag coating after UV/Ozone

cleaning. The Al wire bond strengths before and after
cleaning on Ag coatings are shown in Fig 14. It shows that
there was no significant change on pull strength as expected
because the wire broke at the heel neck of the wire, not at the
interface of the bonding. There was no significant change in
shear strength after plasma cleaning, and worse still, there was
a drop in shear strength after UV/Ozone cleaning, due
probably to oxidation and tarnishing as verified by the XPS
analysis in Fig 13.

Table 3 : Summary of Bondability before and after
Treatment

* Only 70 % success rate for Au wire bonding on the UV ozone
cleaned immersion Ag pad.

Immersion Ag Immersion Sn
Al wire Au Al wire Au
wire wire
As- Succee Failed Failed Failed
received d
Plasm Succee Failed Failed Failed
a-cleaned d
uv/Ooz Succee * Failed Failed
one- d Succeed
cleaned
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Fig 14 : Pull Strength & Shear strength of Al wire on as-received,
plasma-cleaned and UV/Ozone-cleaned immersion Ag samples

Concluding Remarks

Immersion Ag has a lower metallization thickness, smaller
grain size and finer surface morphology with lower roughness
than immersion Sn. Both the coatings contain C and O
throughout the layers indicating that the immersion Ag and
immersion Sn finishes are not purely metallic but
organometallic in property. This is intentionally made by the
manufacturer in order to lower the material cost and improve
the coating quality with less susceptibility to oxidation and
growth of whisker [3,4,9,11]. Furthermore, a trace amount of
S was detected at the Ag surface due to tarnishing. A trace
amount of Cu was also detected due to the migration of
underlying Cu substrate to the surface. Migration of Ag and
Cu was also reported to occur across the bonded wire material
with continuous composition change along the 1% and 2™
bonds [12].

Al and Au wires could be bonded to the immersion Ag
surface. However, no wire could be bonded to the immersion
Sn finish even after plasma or UV/Ozone cleaning. The
surface roughness and thickness of Sn are much higher than
Ag finish, but it appears that they are not crucial factors for a
good bond to be formed. Instead, the nature of the
metallization plays a more important role in intermetallic
formation during the bonding process. A good bond can only
be formed when the intermetallic compound is tough enough
as a medium to glue the wire and the pad together. It is
obvious that in our study, the Ag substrate formed a much
stronger intermetallic compounds than the Sn substrate with
either Al wire or Au wire.

To further explain why bonding can be produced on Ag
surface, but not on Sn surface, wire bond is considered as a
micro-welding process between two metals [13]. Not all, but
selective metals, may be ultrasonically bonded through the
formation of reliable intermetallic compounds. Based on the
phase diagram for two-component metals, if intermetallic
compounds exist and have high melting points of around
1000°C, bonding can be formed. If, however the intermetallic
compounds have low melting points of less than 500°C, their
constituents will continue to diffuse, good bonding cannot be

formed. Compared between Ag and Sn, Ag has a melting
point of 961 °C whereas Sn has 232 °C only. According to the
phase diagrams of Al-Sn and Au-Sn systems [14], although
the melting points of the corresponding intermetallic
compounds are higher than pure Sn itself, they are mostly still
below 500°C. This may be one of the reasons why bonding
cannot be made on Sn finish with Al and Au wires.

Another possible cause for non-bondability of Sn finish is
the large grain size and high hardness with brittle nature of the
crystal at surface. With such well-defined polygonized
crystallinity, bonding may be difficult to make with foreign
wire materials. Previous study on Au metallization had also
proved that hardness of substrate surface would affect wire
bondability [8], but all these need further study to verify in the
case of Sn finish.

When the bondability of Al and Au wires on the Ag finish
is compared, the Al wire performed better than Au wire in
terms of bond strength and its tolerance to surface oxidation
and tarnishing.

Plasma cleaning of immersion Ag finish had slight
improvement in bondability. However, UV/Ozone cleaning
had an adverse effect on bondability due to the accelerated
oxidation and tarnishing of the coating.

Contamination, whether organic or inorganic orgin like
oxidation and tarnishing, is known to be detrimental for
bondability [15,16,17]. As cleaning is not effective in
removing oxidation and tarnishing to improve bondability in
our case, it is therefore recommended to store the immersion
Ag finished product in an air conditioned store room to
prevent oxidation, rather than using various cleaning processes
to remove contaminants afterwards.
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The Behavior of FAB (Free Air Ball) and HAZ (Heat Affected Zone) in Fine Gold Wire
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Abstract

The trend of high integration and miniaturization of
semiconductor has accelerated the development of gold
bonding wire with smaller diameter. For the stable bonding of
fine wire, it is important to characterize the wire with various
diameters during the bonding process. To investigate this
relationship, the experiments were done for the various sizes
of wire diameter and FAB. The wire size and the FAB size
were chosen for the test from 15 um to 25 um and from 1.4
WD (Wire Diameter) to 2.0 WD, respectively. The results
showed that as the size of FAB became smaller, the size
deviation of FAB increased and FAB itself was tilted to one
side. When FAB was formed at the same parameter, the length
of HAZ became shorter for the wire with the high temperature
of recrystallization. It is also revealed that the length of HAZ
decreased for the smaller size of FAB. This phenomenon is
considered to be related to the heat generated during the FAB
formation.

Introduction

Rapid advance of information and technology industry
requests high performance, miniaturization and portability of
semiconductor products. For the reason, the size of Si chip
(Die) is decreased and highly integrated. To integrate more
I/0 on the reduced Si-Die, the gap of BPP (Bond Pad pitch)
and the size of BPO (Bond Pad Open) should be narrower and
smaller, respectively. Currently, the 50 um BPP Mass Product
is produced using 0.8 mil wire in the assembly process, and
the diameter of wire will become smaller and smaller, as
shown in Figure 1.
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Figure 1. The trend of wire size with respect to the
variation of Bond Pad Pitch.

As the wire size becomes smaller, there occur many
problems such as low breaking load, high electrical resistance,
instability of bonding loop, serious mold sweeping, etc. Since

the size deviation and the miss control of Free Air Ball are
directly related to the defect modes of wire bonding such as
off-centered bond and ball-lift, the Free Air Ball Control of
fine wire is considered to be very critical for the decreased
BPP and BPO. [1-3] Also, the thinning of PKG causes to
lower the bonding height which depends on HAZ variation.
Therefore, many researches are focused on decreasing the
length of HAZ because the length of HAZ has the direct
relationship with the ball neck damage of loop height control.

In this research, the wire properties, the FAB (Free Air
Ball) size deviation, and the ball shape variation due to the
wire size reduction were investigated. Also, the wire bonding
problems for the decreased wire diameter were predicted by
observing HAZ variation at each condition, [4]

Experiments

Wire Fabrication

The wires used in this experiment were fabricated in the
production line of MK Electron Co. Dopant was added to 5N
gold, and then the ingot is made by continuous casting process.
Two kinds of wires were made according to Ca content:
normal wire and hard wire. The wires were fabricated by the
drawing process of the reduction ratio of 12-7%, and became
the fine wires of 1.2 mil — 0.6 mil (30 um-15 um). Then,
internal stress and wire curl were removed through the
annealing process.

Measurement of Mechanical and Electrical Properties

B/L (Breaking Load) and E/L(Elongation) of the wires
were measured at 20°C(Room Temp.) and 250°C(High
Temp.) using AND RTC 11504 tensile tester with the cross
head speed of 10 mm/min and the gauge length of 100 mm.
Electric resistance was observed using Micro-Ohm Meter,
HP34420A, with the measuring length of 300 mm and 4 point
probe method.

Measurement of Free Air Ball (FAB) Formation and Its
Size

Free air ball was made from 0.6, 0.7, 0.8, and 1.0mil wires
using the automatic wire bonder. The size of FAB at each wire
size was measured for various EFO (Electronic Flame Off)
Parameters. The accuracy of the EFO Current Level was + 0.1
mA, and the resolution of the EFO time was £ 0.001 ms
according to the specification of the EFO generation system.
Measurement of ball sizes was done using Hisomet, a
measurement microscope with 500 times magnification. The
resolution of measurement was * 0.1 um. The fabricated FAB
was observed by SEM (Scanning Electron Microscope) to



investigate off-centered degree. The configuration of off-
centered degree is helpful to predict that the off-centered bond
occurs as the wire becomes thinner.

Variation of HAZ (Heat Affected Zone)

HAZ lengths were observed for each wire size using FAB
with 2 times larger than wire diameter. HAZ lengths were also
measured for 1.0 mil (25 pum) wire diameter by decreasing the
wire size of FAB from 2.0 times to 1.4 times step by step.

HAZ was investigated by etching FAB using aqua-regia,
taking SEM image, and observing grain size. Then, HAZ was
determined as the distance between the ball part and the
position which shows the original grain size. (See Figure 2)
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Figure 2. The method to measure HAZ in MKE.

Results

Wire Properties with respect to Wire Size

B/L(Breaking Load) of Normal wire (Ca = 5 ppm, others
40 ppm) and Hard wire (Ca = 30 ppm, others 40 ppm) which
have different amount of Dopant is shown in Figure 3. Hard
wire shows about 20 % higher mechanical property than that
of 4 N Normal gold wire at room temperature and high
temperature. When Ca is added as a Dopant, strong stress field
is formed around Ca because the atomic radius of Ca is larger
than that of gold. (Au = 1.44 nm, Ca = 1.97 nm) This disparity
causes the stress field and B/L increases. The increased B/L
results in the better mechanical property of wire.

B/L of hard wire at high temperature decreased less than
that at room temperature. The B/L ratio of high temperature to
room temperature was 0.91(hard wire) and 0.88(normal wire)
respectively. The hard wire with more Ca amount shows the
higher B/L at high temperature, because Ca has higher specific
heat than Au (Au = 130 J/KgK, Ca = 624 J/KgK). The
difference of B/L between hard wire and normal wire was 2.0
gr for 1.0 mil diameter, whereas it was 0.5 gr for 0.6 mil
diameter.
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Figure 3. Breaking load change against wire size.

Figure 4 shows the electric resistance and the fusing
current change with wire size. Electric resistance, R, was
proportional to 4L/zD’ and the resistance increased abruptly
as the wire diameter was smaller.

The fusing current also reduced, as the wire size decreased.
For example, the melting current of 1.0 mil gold wire with 5
mm wire length was 0.56 A, and, for 0.6 mil diameter, the
current was 0.2 4. The fusing current was calculated by the
following theoretical equation. [5]

L= x10°X[(2.948 x t;") + (1.884 x 10°x I")

where Iy (4), t; (s), d (mm), and [ (mm) are fusing current,
fusing time, wire diameter, and wire length, respectively.
Consequently, the reduction of the wire size causes the
deterioration of electrical performance.
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Figure 4. Electric resistance and fusing current against
wire size.

FAB Size Due to the Decrease of Wire Size

Figure 5 shows the average and standard deviation of FAB
size which was made of 2 times larger diameter of the wire by
controlling EFO parameter. As FAB size decreased from 1.0
mil to 0.6 mil, the deviation of FAB size increased from 1.0 to
2.3, Finally, the thinner was the wire size, the larger was the
standard deviation of FAB size.
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Figure 5. FAB size deviation against wire size.

FAB Shape Due to Decrease of Wire Size and FAB Size

Figure 6 shows the off-centered (X1/X2) degree which
indicates the tilt of FAB from the center of wire, when the
wire size and the FAB size are changed. [6] It is revealed that
the degree of asymmetry increases, as the wire diameter
becomes thinner and the FAB size decreases.

0.6 mil
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| | |
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Figure 6. FAB shape deviation against wire size
& FAB size.

Figure 7 explains why the asymmetry increases as FAB
size decreases. The capillary pushes down and breaks off the
wire (A) during the stitch bond (2nd Bond) process, and then
the tail end of the wire is bent after the stitch bonding. At this
condition, FAB is formed by applying EFO at the end of wire
to do 1* Ball Bonding. If the size of FAB is small, the bent
part is not completely melted. Thus, the formed Ball becomes
asymmetry (C-1). If FAB size is large enough to melt the bent
part of the tail, FAB becomes symmetry.

From the above results, FAB formation gets unstable, as
wire size is fine. Thereby, the probability of small ball or off-
centered bond increases in 1st bond. In order to form the
stable 1% bond, the size deviation and the asymmetry of FAB
should be reduced. The small capillary hole and chamfer
diameter, the improvement of tail shape by optimizing 2
bond parameter, and the higher accuracy of EFO current and
time by improving EFO generator are recommended to reduce
the deviation and the asymmetry.
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Figure 7. Tail shape after 2" bond and ball formation.

Heat Affected Zone (HAZ) Length Due to Wire Size and
FAB Size

Figure 8 shows HAZ length variation due to the change of
FAB size with same diameter. As FAB size was smaller, HAZ
length decreased. In the ball bonding process, the wire is
melted by EFO to form FAB, and some part of wire is
exposed to heat which is needed to form FAB. This zone has
greater grain size than that of other wire parts and it is called
Heat Affected Zone (HAZ). For the small FAB, the heat
energy is less relatively and thus the HAZ length decreases.

1.4WD

ybua1 zvH

HAZ Length

Figure 8. HAZ variation against FAB size.

The HAZ variation was shown in Figure 9 against FAB
size when FAB was 2 times larger than wire diameter. The
heat-transferring section area of wire and the volume of FAB
are proportional to the square and the cube of wire diameter,
respectively. In order to form FAB with the constant ratio of
wire diameter, the corresponding heat should be applied. Thus,
the thinner is the wire, the shorter is the HAZ length. Since the
hard wire includes more Ca-dopants and increases activation
energy highly for grain growth to make the shorter HAZ
length, HAZ of hard wire was shorter than that of normal wire
for the wires of same diameter.
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Conclusions

Two kinds of wires fabricated by changing Ca dopant

content showed that there is 20 % difference in Breaking Load
values. Conclusions obtained from the results of FAB ball size
deviation and HAZ length are follows.
As FAB size became smaller, the size deviation of FAB
increased. When wire diameter was thinner, FAB size is
smaller, the deviation of FAB shape increased. The length of
HAZ became shorter for the wire with the high temperature of
recrystallization, as FAB was formed at the same parameter. It
was also revealed that the length of HAZ decreased as the
smaller size of FAB.
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Abstract

Copper wire bonding is an alternative interconnection
technology to serve as a viable, and cost saving alternative to
gold wire bonding. Its excellent mechanical and electrical
characteristics attract the high-speed, power management
devices and fine-pitch applications. The copper wire bonding
will be an important interconnection technology along with a
flip chip technology.

However, the growth of Cu/Al IMC (intermetallic
compound) at the copper wire and aluminum interface can
induce a mechanical failure and increase a potential contact
resistance. In this study, the copper wire bonded chip samples
were annealed at the temperature range from 150°C to 300°C
for 2 to 250 hours, respectively. The formation of Cu/Al IMC
was observed and the activation energy of Cu/Al IMC growth
was obtained from an Arrhenius plot (In (growth rate) vs. 1/T).
The obtained activation energy was 26Kcal/mol. And the
behavior of IMC growth was very sensitive to the annealing
temperature.

To investigate the effects of IMC formation on the copper
wire bondability on Al pad, ball shear tests were performed on
annealed samples. For as-bonded samples, ball shear strength
ranged about 240 ~ 260 gf, and ball shear strength changed as
a function of annealing times. For annealed samples, fracture
mode changed from adhesive failure at Cu/Al interface to IMC
layer or Cu wire itself. The IMC growth and the diffusion rate
of aluminum and copper closely related to failure mode
changes. Micro-XRD was performed on fractured pads and
balls to investigate a major forming IMCs and their effects on
the ball bonding strength. From XRD results, it was confirmed
that the major IMC was y-CuyAly and it provided a strong
bondability.

1. Introduction

There are several chip interconnection techniques such as
wire bonding, TAB (Tape Automated Bonding), and flip chip
technology. Wire bonding has been used for its advantage of
better-stability and cost effectiveness over other chip
interconnection techniques despite the current trend to flip
chip interconnection. Wire bonding is still regarded as one of
the most important cost effective chip interconnection
technologies even though flip chip technology has been
highlighted on the use of high I/Os and high-speed devices.

For bonding wires, gold and aluminum have been
commonly used. Recently, instead of Al-metallization used in
semiconductor industry, Cu-metallization and interconnection
technology have received much attention due to its better
electrical performances in comparison with aluminum.

Therefore, many studies on the copper wire bonding are being
in progress [1-4]. There are several disadvantages and
advantages. The disadvantages of copper wire are as follows :

First, the technology of copper wire bonding is not well
convinced in the industry because additional bonding
parameters such as the forming gas need to be defined and
optimized. Second, due to the easy oxidation of copper,
copper wire bonder requires special tools to prevent copper
oxidation. Copper wires need higher energy than gold wires
when they are bonded to pads. However, copper wires also
provide many advantages that are superior to gold wires. The
advantages of copper wires are as follows :

First, copper wire is 3 to 10 times lower in cost compared
to gold wire. Second, copper wire shows superior mechanical
and electrical properties to gold and aluminum wires.
Excellent electrical conductivity and small amount of heat
generation allow copper wire to be use not only for power
management devices but also for thinner diameter wires to
accommodate small pad sizes. The high rigidity of copper
wires is considered more compatible to the fine pitch bonding
than gold wires. Third, slower intermetallic compound (IMC)
growth between copper wires and aluminum pads results in
lower contact electrical resistance and better reliability in
comparison to gold wires and aluminum pads. Making
electrically and mechanically stable mono-metallic bonding
interface, copper wires to copper pads system at the high-
speed chip, is the final goal of using copper wires in. Copper
to copper mono-metallic interface does not form brittle IMC
phases, so it is expected to eliminate mechanical problems and
to maintain stable electrical properties due to no IMC
formation. Copper pad technology as an alternative pad
system has not yet been accepted in the industry practically,
because copper is easily oxidized and its oxidation layer acts
as an obstacle to the bonding process. This is why the
established aluminum pad has been used in this study instead
of the copper pad.

Cu-Al IMC phases

One of the most serious factors making a failure between
gold wire and aluminum pad is the IMC formation, called
“purple plague”. Many researchers have established theories
on the IMC formation of Au/Al system and its effects on the
bondability [5-6]. In the case of Cu/Al system, some studies
on IMC formation during annealing were reported using
welded diffusion couple of bulky copper and aluminum [7-8]
or thin film Cu/Al diffusion couple [9-10]. However, it was
found difficult to observe IMC formation in practical copper
wire to aluminum pad bonding. Generally, the IMC formation
in Cu/Al system is much slow compared to the Au/Al system.
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Therefore, copper wires on aluminum pads show higher
mechanical reliability and smaller increase in the electrical
resistance than that of gold wires on aluminum pads.
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Fig. 1. Phase diagram of Cu-Al system.

The phase diagram of Cu-Al system shown in Fig. 1
identifies the possible IMCs formed between copper and
aluminum. Cuw/Al IMC phases which formed at the
temperature range between 150°C to 300°C are as follows [7] :

v2 phase (CuyAly) : 69.2 atm% Cu

0 phase (CuzAly) : 60.0 atm% Cu

&, phase (CuyAly) : 57.1 atm% Cu

N2 phase (CuAl) : 50.0 atm% Cu

0 phase (CuAl,) : 33.3 atm% Cu

During packaging processing and chip operation,
temperature can reach to interdiffusion of copper and
aluminum at the bonding interface. The diffusion rate of
aluminum into copper is faster than that of copper into
aluminum. Therefore, Cu/Al IMCs grow at the bonding
interface. Generally, significant IMC growth can make the
bonding interface brittle and acts as a major cause for bonding
failure. However, moderate IMC growth increases the bonding
strength by alloying between copper and aluminum.

In this study, we investigated the effects of IMC growth on
the bondability of copper wire and aluminum pad.

2. Experiments
The bonding parameters of copper wire
The copper wire was bonded to the Al/1%Si/0.5%Cu pad
of 2um thickness using the Shinkawa CUB-300BI machine.
Table 1 and Table 2 show the properties of a copper wire and
bonding parameters for making samples.

Table 1. Properties of a copper wire

Table 2. Wire bonding parameters

Bonding Time (ms) 30

Bonding Load (mN) 160

Ultrasonic Power (mW) 160

Composition Cu (99.996%)
Diameter 2.0 mil
Specified Breaking Load (g) 40 ~ 45
Average Breaking Load (g) 47.5
Specified Elongation (%) 15~25
Average Elongation (%) 19.7

Specimen preparation

Annealing was performed in the convection oven at 150°C,
250°C, and 300°C (controlled within +5°C) for 2 hours up to
250 hours, respectively. During the annealing, nitrogen gas
was purged into the convection oven continuously to prevent
the copper oxidation, because copper can be easily oxidized at
these high temperatures.

IMC growth evaluation

IMCs are different from copper and aluminum in colors.
The presence of IMC can be checked using colors change
under on optical microscope (OM). And a SEM, as a
supplementary experiment, was also used to identify IMCs. DI
water and HNO; mixed solution was used to etch copper
selectively. IMC thickness, which grew as functions of
annealing temperatures and times, was measured by OM and
SEM. The least square method was employed for obtaining
the reaction rate of Cu/Al IMC formation. Theoretical
thickness of Cu/Al IMC by applying the obtained reaction rate
was calculated, and compared with the observed thickness.
Finally, bonding stability can be confirmed through the
comparison of the obtained reaction rate of Cu/Al IMC with
that of Au/Al IMC.

Ball shear test (Fracture analysis)

Ball shear test is a kind of destructive test that measures
the energy involved in the fracture of ball bonding. Tests were
performed on annealed copper wire samples bonded on the
aluminum pads to investigate the effects of IMC formation on
copper wire bondability.

The ball bond shear data presented in this study were
obtained using Dage series 4000, and the test conditions were
as follows:

Ball shear height : 4 um from chip surface
Stylus moving speed : 300 um /s
Overtravel length : 100 um

More than 30 wires were sheared in each condition in
order that test results would satisfy a standard normal
distribution. To investigate the failure mode at bonding
interface, the fractured pads and balls were observed using
OM and SEM.

Micro-XRD

Micro-XRD experiment was performed on the fractured
pads and balls after the ball shear test to understand the effects
of Cu/Al IMC formation at the interface. The identification of
IMC phases was done by matching the micro-XRD results to
the JCPDS card, and the obtained results of phase
identification were compared with that of EDS.

The micro-XRD wuses a fine collimator with 50um
diameter to test on a small-swized specimen. It took a long
time to have the XRD patterns because the X-ray beams were
scattered inside the collimator resulting in weak intensity. The



obtained diffraction patterns showed some differences from
the diffraction patterns of powder samples, but identifying the
IMC phases was not difficult.

3. Results and Discussion

3.1. Cu/Al IMC observation
Fig. 2 shows the cross-sectional images of Cu/Al IMC
which formed at the bonding interface. It was difficult to find

out the formation of IMC in OM images at 150°C for 25 hours.

However, light-colored images can be observed at the Cu/Al
interface in SEM images. In case of 250°C of annealing, light-
colored images appeared at 150°C, 50 hours-annealed samples
were quickly observed even in the 2 hours-annealed samples
at 250°C. IMC thickness grew about 0.5 pm after 25 hours of
annealing at 250°C. After 100 hours of annealing, very clear
IMC layer was formed at the Cu/Al interface because of
significant growth of Cu/Al IMC at the bonding interface after
annealing at high temperatures for a long time. Color of IMC
layer was yellowish in OM images.

At 300°C, the yellowish IMC layer was clearly observed
even after 5 hours of short annealing, and the bluish aluminum
pad was completely disappeared after 100hours. Aluminum
was consumed very fast due to the rapid diffusion into the
copper wire, and the high reaction rate of the formation of
Cu/Al IMC at high annealing temperatures.

(@)

(b)

k »

(©)

Fig. 2. Cross-sectional images of OM and SEM of Cu/Al
interface after annealing treatment at (a) 150°C, 25 hours, (b)
250°C, 25 hours and (c¢) 300°C, 25 hours.

EDS analysis was performed to investigate the
composition ratio of each element at the yellowish IMC layer
observed at annealed samples. Fig. 3 shows the cross-sectional
SEM image of 100 hours-annealed specimen at 250°C, and the
layers are distinguished as the change of colors. EDS was
carried out at A, B, and C points, and results are shown in
Table 3. According to results shown in Table 3, Al rich phase
was formed at the A point, close to aluminum pad, and Cu rich

phase at C point, close to copper wire. Table 3 indicates that
several different IMC phases can be formed at the bonding
interface. In the case of a welded bulk Cu/Al diffusion couple,
many former researchers reported that all possible IMC phases
such as CuAl, (0), CuAl (1), CuAl; (&), CusAl, (6), and
CuyAly (y,) are formed layer by layer [7] from aluminum to
copper. In the diffusion couple of thin film type, the reported
IMC phases were CuAl,, CuAl, and CuyAl, [9-10], but many
researchers had difficulty in distinguishing IMC layers clearly.
Several variables such as the shape of specimen, annealing
temperature, and time can affect the formation and the growth
of IMC, and thereby change the possible IMC phases. In our
experiment, it was also difficult to distinguish all IMC phases
layer by layer.

250°100h-A

250°100hr:6

fpm

Fig. 3. SEM image of annealed Cu/Al sample at 250°C for
100hr. EDS analysis was performed at A, B, and C points.

Table 3. The result of EDS analysis on the sample annealed at
250°C for 100 hr.

A point B point C point
Al (atm%) 34.97 59.08 55.29
Cu (atm%) 14.28 24.23 40.68
Si (atm%) 50.75 16.69 4.03
Cu:Al ratio ~1:2 ~1:2 ~1:1

3.2. The growth behavior of Cu/Al IMC

The growth rate of Cu/Al IMC was determined by
measuring the thickness of the inter-diffusion layers after
annealing. Fig. 4.(a) shows the parabolic growth behavior of
IMC. At early stage of annealing, IMC thickness grew fast.
However as annealing times increased, the IMC growth rate
decreased. Moreover, the IMC growth significantly depend on
annealing temperature. Fig. 4.(b) shows IMC thickness versus
(annealing time)"? to confirm whether IMC growth follows a
parabolic law. The IMC growth follows the parabolic law,
although there were slight deviations at 300°C annealing
presumably due to the rapid IMC growth at the early stage.
The reaction rate of IMC formation shown in Table 4, K, can
be obtained from Fig.4.(b).

Within the experimental data, the relationship between the
IMC thickness (X) and the annealing time (t) at a given
temperature can be represented by

X?=Kt X =IMC thickness (um)



t = annealing time (s)
K = Reaction rate of IMC formation (cm?/s)
where K is characterized by the temperature and the
activation energy. So it is given as
K=Kjexp(-A Q/RT) Q = Activation energy (kcal/mol)
R = Gas constant
T = Annealing temperature (°K)

14
12
gL
2
@ 8t
3
£
S 6F
£
O 4L
S
2 -
L S,
e
o} &%
L L L L L L L
0 50 100 150 200 250 300
Annealing time [hr]
(a)
16 T T T T T =
/
al = 300°C /;/ i
e 250°C e
150°C -
12 /// -
_
T 0k e .
-
4 P
@ s = §
o ~
S LIl
S 6fF // i
s ~
=, e
o ‘I b
s [
=S L0 L] i
- e
ot .
-2 1 1 1 1 1
0 200 400 600 800 1000 1200
Annealing Time™ (s"z)

Fig. 4. (a) IMC thickness versus annealing time (hr). (b) IMC

thickness versus annealing time'”.

B B T s m

: slope = -AQ/R I
28 .

-30 |

InK

32 -

Table 5. Comparison of the reaction rate of Auw/Al IMC
formation with that of Cu/Al IMC formation.

Temperature (°C)

Au/Al K (cm?/s)

Cu/Al, K (cm?/s)

150
280
350

1.1X10M"
24X 10"
3.9X 1070

1.878 X 107'®
2.645 X 10712
3.747 X 10712

and the reaction rate constant K and the activation energy A Q
can be calculated from In K versus 1/T curve shown in Fig. 5.
The obtained activation energy was about 26 Kcal/mol, but
this was slightly different from the reported activation energy,
29 ~ 34 Kcal/mol, obtained from the bulk Cu/Al diffusion
couple [7-8].

As a result, the IMC growth can be explained by annealing
temperature (T) and time (t) :
Derived IMC growth equation :

X? =1 4.658X107 exp(-13046.17947/T)

Theoretical thickness of IMC formation can be calculated
by this expression.

Table 5 shows that the comparison of calculated reaction
rates of Cu/Al IMC formation and that of Au/Al IMC
formation. At certain temperature, the reaction rate of Cu/Al
IMC is 100 times slower than that of Au/Al IMC. The IMC
thickness is proportional to the square root of K so that the
thickness of Cu/Al IMC is expected 10 times thinner than that
of Au/Al IMC at the same annealing condition. Kirkendall
voids, formed at gold wires on Al pads, were not observed at
copper wire bonding interface. Consequently, the copper wire
bonding can provide better mechanical and electrical
reliability because of the slow growth rate of Cu/Al IMC and
the absence of the Kirkendall voids.

3.3. Ball shear test and failure mode analysis

Fig. 6. shows results of ball shear test of annealed samples
at 150°C, 250°C, and 300°C. Ball shear strength increased
gradually as annealing time increases in cases of 150°C and
300°C of annealing. However, ball shear strength decreased as
the annealing time increased at 250°C. Failure analysis was
performed to analyze the changes of ball shear strength. Fig. 7.
shows the OM and SEM images of fractured pads. Failure
modes were different at each annealing temperatures. Types of
failure mode were divided into Mode A, B, and Cdepending
on annealing conditions.
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Fig. 5. Logarithm of the reaction rate in Cu/Al IMC formation
as a function of inverse temperature.
Table 4. The reaction rate of Cu/Al IMC growth at various

temperatures.

Temperature(°C) K, Reaction rate (cm?/s)
150 1.878 X 107
250 6.833 X 107
300 6.027 X 107"
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Fig. 6. Ball shear strength versus logarithm of annealing time
at 150°C, 250°C, and 300°C annealing temperature.
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Fig. 7. OM and SEM images of fractured pads of annealed
samples. Different failure modes were observed at each
annealing conditions such as an adhesive interface failure
(Mode A), the poor wetting failure (Mode B), and the
cohesive failure inside Cu ball (ModeC).

150°C Annealing

Silver-colored area in OM images was known as aluminum
by EDS analysis. Al pad occupied the major portion of
fractured pads. The amount of remaining copper wire at the
edge of the fractured pad increased gradually as annealing
time increased. It is considered that the effect of Cu/Al IMC
during the ball shear test was very minimal because Cu/Al
IMC formation was difficult at 150°C. Therefore, fractures
occurred at interface between copper wires and aluminum
pads. The scratched marks of aluminum pads supported this
Fig. 7. OM and SEM images of fractured pads of annealed
samples. Different failure modes were observed at each
annealing conditions such as an adhesive interface failure
(Mode A), the poor wetting failure (Mode B), and the
cohesive failure inside Cu ball (Mode C).
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analysis. The failure mode of 150°C was ‘adhesive
interface failure’ (Mode A) and a schematic diagram of the
Mode A failure is shown in Fig. 8. During longer annealing
times, more copper and aluminum reacted resulting in a
stronger interface. As a result, more copper was observed at
the fracture pad at longer annealing time.

250°C Annealing

The images of fractured site annealed at 250°C are
different from those at 150°C. Scratched aluminum pad,
covered most area of the fractured sites at 150°C, remarkably
disappeared, and the proportion of exposed SiO, below
aluminum pads increased at 250°C. As annealing times
increased, the area of SiO, increased and occupied about 50%
of fractured sites after 100 hours annealing.

Due to the small quantity of the aluminum pad compared
with the copper wire and the high diffusivity and reaction rate
between copper and aluminum at 250°C, only 2 pum thickness
of aluminum pad can be easily consumed during longer
annealing time at 250°C. If aluminum was consumed entirely,
Cu or Cu-rich IMC phase can meet SiO, layer underneath.
The adhesion of Cu or Cu-rich IMC to SiO, may be weak
resulting in a delamination at this interface during a ball shear
test. The increase of exposed SiO, area indicates that most
aluminum was consumed by the Cu/Al IMC reaction, thereby
the portion of Cu-rich IMC/SiO, interface increased. The
change of fracture site from Cu/Al adhesive interface to Cu/Al
IMC/SiO, interface and low ball shear strength can be
possibly explained by poor adhesion of Cu/Al IMC/SiO,
interface. Conclusively, at 250°C the major failure mode is the
Cu/Al IMC/Si0; interface (Mode B, shown in Fig. 8) and the
adhesive interface failure (Mode A) is observed as a minor
failure mode.

300°C Annealing

At 300°C annealing, until 25hours, fracture images were
very similar to those of 250°C composed of scratched
aluminum pads, remained copper wires and exposed SiO,.
After 100hours of annealed samples, ball fracture took place
inside balls (Mode C). SiO, was not exposed after 250 hours.
As shown in Fig. 6, the fracture mode changed from the Mode
B to the Mode C after 25 hours.

The shape of fractured sites up to 25 hours (Mode B) was
similar to those of 250°C of annealing, as shown in Table 6,
because theoretical thicknesses of annealed samples at 250°C
for 250 hours and at 300°C for 25 hours were almost identical
based upon a simple calculation using reaction rate at 250°C
and 300°C. Therefore, it is understood that identical IMC
thickness of about 2.3 um results in the similar fracture mode
at different temperature.

Table 6. Theoretical IMC thickness after annealing (a) at
250°C and (b) at 300°C

(a) 250°C Annealing
Annealing time (hours) IMC thickness (Um)
2 0.22
10 0.49




25 0.78
100 1.55
250 2.48

(b) 300°C Annealing
Annealing time (hours) IMC thickness (Um)

5 1.00

25 2.30

75 4.00
100 4.65
250 7.36

After 25 hours of annealing at 300°C, the fracture site
moved to inside the ball (Mode C) and the shear strength
steeply increased. This is probably because the
recrystallization changes the microstructure of copper wire
balls resulting in soften balls. During a ball shear test, first,
thick oxide layers formed at the wire surface broke, and the
ball fracture occurred. Fig.9 shows the difference of fractured.

(b)

Fig. 9. SEM images of the bottom of sheared wire balls (a)
after annealing at 250°C for 100 hours and (b) at 300°C for
250 hours. The white arrow shows the direction of stylus
moving.

balls at 250°C and 300°C. The white arrow indicates where the
stylus contacted a ball bond and a sheared direction. Samples,
annealed at 250°C, showed a little flattened, but they
maintained the original ball shape. However, 300°C of
annealing made balls significantly deformed, when they were
sheared by stylus. Fig. 9 (b) shows that about 1/4 of a ball was
deformed and the contact surface was flattened.

3.4. Micro-XRD analysis

To identify IMC phases, a micro-XRD experiment was
performed at the fractured sites after a ball shear test. First of
all, micro-XRD was performed on the aluminum pad surface
without bonding as a standard reference state. After the shear
test of actual bonded samples, IMC phases can be identified
by removing standard peaks on the XRD patterns of the
fracture sites.

Fractured pad

The XRD patterns of fractured pads after each annealing
temperatures, compared with standard peaks, are shown in Fig.
10, Fig. 11, and Fig. 12. At 150°C, (111) Aluminum 1% peak
appeared at about 38.5° and others minor peaks occurred from
aluminum or SiO,. IMC peaks were not observed until 50
hours, but after 250 hours, a new peak appeared about 61.5°
representing CugAly or CuAl.

Fig. 11. is the XRD results of fractured pads after wires
annealed at 250°C. The Cu/Al IMC peak of 61.5° appeared
after 250 hours of annealing at 150°C could be observed even
after about 25 hours of annealing at 250°C.

Finally, Fig. 12 shows the XRD patterns of 300°C
annealed samples. As shown in micro-XRD patterns, it took
only 5 hours to form Cu/Al IMC at the interface.

Fractured ball

The XRD results obtained from the bottom of fractured
balls, are shown in Fig. 13 and Fig. 14. From the XRD results
of fractured pads, Cu/Al IMC phases were confirmed at 250°C
sample after 25 hours of annealing. The XRD results of
fractured balls are different from those of fractured pads, and
the pattern is very complicated because of the overlapping of
peaks and background effects. Three phases were identified
from this pattern. Aluminum (111) peak is at 38.5° and copper
(111) and (200) peaks are at 43.3° and 50.5°. CuyAl, IMC
peaks are 43.9° and 49.6°. This result agrees well with those of
XRD results of fractured pads. Therefore, it can be concluded
that CugAly is the major forming IMC phase after annealing at
250°C for 25hours.

Similarly, XRD was performed on annealed samples at
300°C for 100 hours. As shown in Fig. 14, CugAl, IMC
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Fig. 10. The micro-XRD patterns of 150°C annealed samples.
Micro-XRD experiment was performed at fractured pad sites.
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Fig. 11. The micro-XRD patterns of 250°C annealed samples.
Micro-XRD experiment was performed at fractured pad sites.
(% : Al, ¥¢ : CuyAly or CuAl)
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Fig. 12. The micro-XRD patterns of 300°C annealed samples.
Micro-XRD experiment was performed at fractured pad sites.
(% : Al, ¥¢ : CuyAly or CuAl)

formed at first as a major IMC. The pattern became more
complicated as the annealing time increased because other
IMCs such as a CuAl, formed after longer periods of
annealing. Actually, it was difficult to identify exact phases,
due to peak split, peak overlapping, and background.

As a summary, in during 150°C to 300°C annealing, major
IMC phase was CugAl,; and other IMC phases formed as
annealing times increased.
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Fig. 13. The micro-XRD patterns of an annealed sample at
250°C for 25 hours. Micro-XRD experiment was performed at
the fractured ball site. (% : Al, 4 : Cu, < : CuoAly)

Conclusions

(1) Cu/Al IMC formation was confirmed using SEM and
OM when samples were annealed at 150°C to 300°C for 2
hours to 250 hours. Besides, Cu/Al IMC growth follows the
parabolic law as a function of annealing times at certain
annealing temperature.

(2) The Cu/Al IMC growth is more sensitive to the
annealing temperature rather than the annealing time.

(3) The reaction rate of Cu/Al IMC formation was
obtained using the Arrhenius plot (InK vs. 1/T) and the
universal IMC growth equation could be derived. Therefore,
the theoretical IMC thickness can be calculated as functions

Intensity (Counts)
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2 theta (degrees)

Fig. 14. The micro-XRD patterns of an annealed sample at
300°C for 100 hours. Micro-XRD experiments were
performed at the fractured ball site. (4 : Cu, < : CupAly, O :
CuAly)

of time and temperature. Moreover, the reaction rate of Cu/Al
IMC formation is 100 times slower than that of Au/Al IMC
formation.

(4) The failure mode of ball fracture changed as a function
of annealing time. The observed failure modes were the
adhesive interface failure (Mode A), the Cu/SiO, interface
failure (Mode B), the mixed failure (Mode A+Mode B), and
the ball inside failure (Mode C) depending on annealing times
at 150°C, 250°C, and 300°C, respectively.

(5) The major forming Cu/Al IMC is CuyAly at 150 to
300°C annealing. However, more IMC phases were appeared
at 300°C for longer annealing time.
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Abstract

Polymer/ceramic composite film is of great interest as
dielectric material for embedded capacitor applications. In this
paper, effects of powder size on dielectric constant and
leakage current of epoxy/BaTiO; composite film fabricated by
spin-coating were investigated using bisphenol-A type epoxy
and 6 kinds of barium titanate powders with diameter ranges
0f 0.1~0.9 um.

Dielectric constant of the composite films increased as
particle size increased. This was due to tetragonality increase,
which was observed by XRD analysis, with particle size
increase. In addition to tetragonality, better dispersibility also
contributed to high dielectric constant of bigger powder.
Leakage current of composite films increased dramatically as
particle size increased. It is presumably due to the decrease of
the number of particles per unit length, resulting in decrease of
the number of contacts. As the number of contacts acting as a
potential barrier reduces, potential barrier lowering effects
become larger. When we use larger powder, we can obtain
higher dielectric constant with larger leakage current. As a
result, there is tradeoff between high dielectric constant and
low leakage current, and 0.5 ~ 0.7 um size powder would be
optimum for embedded capacitor applications.

1. Introduction

Electronic systems are composed of lots of electronic
components. These components as building blocks are
classified by function into active components such as
semiconductor and passive components like R, L, and C.
Passive components become of increasing interest because the
number of the passives is steadily growing as the electronics
industry is progressing toward higher functionality. [1] For
example the ratio of passive to active components in mobile
cellular phone is over 20. [2] Currently these large number of
passive components are surface-mounted, so they do not only
occupy large area of substrate but also lower electrical
performance and reliability due to long interconnection length
and increased number of solder joint respectively. To solve
these problems, embedded passive technology, which
incorporates passive components into multi-layer substrate,
has been being actively investigated. Embedded capacitor is of
much importance because of large demands and functional
importance in electronic circuit like by-pass and decupling
capacitors.

Polymer/ceramic composite, which combines
processibility of polymer and high dielectric constant of
ceramic, is a promising material as embedded capacitor
dielectrics, because it uses low-temperature and low-cost
process and has compatibility with flexible organic boards.
There have been many reports about epoxy/ceramic composite.
[3]-[6] However, main concern of many reports has been
given to increasing dielectric constant of composite films, and
there have been few papers regarding leakage current.

In previous study, [7] we found that dielectric constant and
leakage current depend on particle size: bigger powder gives
higher dielectric constant with larger leakage current, and vice
versa. This paper will present further evidence and
explanation for the effects of particle size on dielectric
constant and leakage current of epoxy/BaTiO; composite
films using 6 kinds of BaTiO; powders wiyh different
diameter ranging from 0.1 to 0.9 um.

2. Experimental
2.1. Materials
1) Barium titanate powder and dispersant

Crystal structure of BaTiOj; single crystal is cubic above
120 °C, tetragonal in room temperature, and orthorhombic
below 10 °C. BaTiO; shows paraelectric properties in cubic
structure but ferroelectric properties in tetragonal structure.
High dielectric constant and ferroelectric properties of BaTiO;
come form the tetragonal structure.

By the way, it is well known that dielectric constant of

BaTiO; strongly depends on grain size or particle size.
According to the previous reports, dielectric constant was at
its maximum of 5000 when grain size was around 1 ym, and
decreased drastically as grain size reduced. [8] Origin of the
decrease of dielectric constant was attributed to the reduction
of tetragonality with decreasing particle size and transition to
cubic when powder size was less than 0.12um. [9] So particle
size is very important parameter in selection of powder to get
high dielectric constant from it.
In this study, 6 kinds of BaTiO; powders (Sakai Chemical
Industry Co., LTD.) with different particle size ranging 0.1 ~
0.9 um were used. Particle size and specific surface area
(SSA) are summarized in Tablel and SEM images of the
powders with a magnification of 30000 are shown in Fig.1.
As shown in Fig.1, all powders have nearly spherical shape
and S-01, S-02, S-03, S-05B, S-04, and S-05 is in order of
size from the smallest. Crystal structure of the powders was



Table 1. Characteristics of powders used for this study

Particle size (um) Spec. surface area Dispersant
Powder # Nominal PSA (m/g) by BET (Wt%)
S-01 0.1 0.151 1313 24
S- 02 0.2 0.254 71 1.6
S-03 0.3 0.319 40+04 2.2
S-05B 0.5 0.752 2.2 1.6
S-04 0.4 0.832 2.4 1.6
S- 05 0.5 0.916 2.3 1.4

( Ba/Ti ratio: 0.999 + 0.003, PSA: particle Size Analysis, These are based on the data provided by manufacturers)

() S-05B

Fig. 1 SEM images of BaTiO; powders used for the study

investigated by X-ray diffraction (XRD) analysis using Cu K-
o line.

Phosphate ester (BYK Chemie) was used as dispersant of
BaTiO3 powder. To determine the amount of dispersant for
each powder, we measured viscosity of suspension containing
powder, dispersant, and solvent as a function of dispersant
amount. And the value at which viscosity was minimized was
chosen. The values are also shown in Table 1.

2) Epoxy, curing agent and solvent

Bisphenol-A epoxy (E.E.W.; 5,000~6,000) was used as
matrix polymer. Dicyandiamide (DICY) was used as curing
agent, because it’s curing onset temperature is so high that
curing does not progress in room temperature and pot life is
long. Quantity of DICY added was 10wt% of epoxy weight.
Propylene glycol monomethyl ether acetate (PGMEA; b.p.
146°C) was used as solvent.

2.2. Epoxy/BaTiO; composite capacitor fabrication
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Metal-Insulator-Metal (MIM) capacitors was fabricated on
Si-wafers. The fabrication procedure is as follows. The
dispersant was dissolved into the solvent and then the powders
were dispersed into that solution, and ball milling was
performed for 2 days. After that, the epoxy was added to this
slurry and another ball milling was performed for 1 day. The
suspension was spin-coated (2000 and 4000 rpm-30sec) on the
Si-wafers on which aluminum blanket (0.5 pm) had been
deposited for bottom electrode. After drying it in the condition
of 110C and 1 hour in vacuum oven, film curing was done at
200°C for 30 min. Using shadow mask, aluminum top
electrodes of circle shape (thickness: 0.5 um, area: 0.1257cm?)
were deposited by sputtering method. Powder loading of the
composite films was 67 vol%.

2.3. Capacitor characterization

Thickness of the composite film was measured using
surface profilemeter (Alpha-step). Capacitance and dielectric
loss were measured at 100kHz by using HP 4284A LCR meter.



Table 2. Measured values of properties of epoxy/BaTiO; composite capacitors with various powders

Powder Coating speed Thickness Capacitazlce Dielectric loss
(rpm) (um) (nF/cm”)
S- 01 2000 4.249 9.014 0.0225
4000 2.403 15.75 0.0239
S- 02 2000 4.253 10.84 0.0228
4000 2.720 14.96 0.0218
S- 03 2000 4.500 11.65 0.0232
4000 2.873 16.95 0.0236
S- 0SB 2000 4.192 13.37 0.0214
4000 2.725 21.30 0.0257
S- 04 2000 4.352 13.24 0.0266
4000 3.761 18.46 0.0253
S- 05 2000 3.740 14.81 0.0229
4000 2.550 22.08 0.0241

Dielectric constant was computed from thickness and
capacitance data. Leakage current was measured by using
Keithley 236 Source Measure Unit. Bias was applied up to 0.1
MV/cm according to each film thickness and current values at
10V and 0.1MV/cm were recorded.

3. Results and discussion
3.1. Dielectric constant and particle size

Average values of thickness, capacitance, and dielectric
loss of the composite capacitors fabricated with 6 different
powders are summarized in Table 2. According to coating
speed and given powders, 2.5 ~ 4.5 um thick films were
deposited. Capacitance was within 9 ~ 20 nF/cm® and
dielectric loss was less than 0.03 in all samples. Dielectric
constant calculated from thickness and capacitance is shown
in Fig. 2. It increased as particle size increased and saturation
occurred over S-05B.
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Fig. 2 Dielectric constant of epoxy/BaTiO; composite
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Fig. 3 XRD pattern of the powders as a function of 26
ranging from 35° to 60°

To understand this result, crystal structure and
dispersibility of each powder were investigated. Fig. 3 is XRD
patterns of the 6 powders within 20 ranging 35°~ 60°.



Tetragonal structure can be distinguished from cubic structure
with {200} reflection around 45°. Split of {200} reflection
into (002) and (200) peaks occurs in tetragonal but not in
cubic structure. We cannot find the peak split in the smallest
powder S-01. But over S-03, two peaks were observed clearly
as shown in Fig. 3. In case of S-02, peak split was not clear.
But it is supposed that two peak positions are close and
overlapped each other. To quantify degree of tetragonality,
{200} reflection was magnified (Fig. 4) and difference
between (002) and (200) peak position (A20) was measured
because tetragonality is proportional to A26. Result is shown
in Fig. 5. A20 increased as powder size increased as shown in
Fig. 5. This tendency coincided with the tendency of dielectric
constant found in Fig.2. So, increase of dielectric constant
with increasing particle size is mainly due to increase of
tetragonality of powder.
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Fig. 4 X-ray {200} reflection of the powders

Fig. 6 shows viscosity of suspension containing each
powder (volume loading: 33.3vol%). Viscosity of the
suspensions decreased as particle size increased. This means
better dispersion at larger particle size. When the same
amount of powder is used, higher dielectric constant is
obtained at better dispersion condition. This is due to
reduction of number of agglomerates, which can trap pore or
solvent that lowers dielectric constant of film. [10] So it is
thought that better dispersion with increasing particle size also
helped the increase of dielectric constant.
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Fig. 6 Minimum viscosity of each powder at shear rate of
24/s and 60/s

In conclusion, higher tetragonality and better dispersibility
of large powder increased the dielectric constant of the
epoxy/BaTiO; composite capacitor.

3. 2. Leakage current and particle size

Fig.7 (a) and (b) show leakage current of the composite
capacitors at 0.1 MV/cm and 10 V respectively as a function
of powder size. Comparing the leakage current of the 6
powders from Fig. 7 (a), it was found that leakage current
increased dramatically with increasing particle size. In
practical point, requirement of leakage current is to be less
than 10 A/cm? at 10V. So from the Fig. 7 (b), S-04 and S-05
cannot be used as embedded capacitor material because
leakage current is too high at a given film thickness.

[-V characteristics were investigated to find out the cause
of the large leakage current of large powder. Fig. 8 shows I-V
behaviors of S-01 and S-05 composite films. I-V behaviors of
two powders were very different. In case of S-01 leakage



current was very low and it seemed that conduction was by
Schottky emission mechanism. In case of S-05, however,
leakage current was very high and it appeared that Ohmic
conduction was dominant.
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Fig. 7 Leakage current of the epoxy/BaTiO; composite
capacitors with the various powders at (a) 0.1 MV/cm and (b)
10V

Magnitude of leakage current can be correlated with the
number of particle per unit length to explain the difference. As
shown in Fig. 9, the number of particles and contacts per unit
length decreases as particle size increases. It is thought that
powder surface is more conductive than powder bulk and
polymer matrix, presumably because on powder surface lots of
defects exist and dispersant is adsorbed as ion. Therefore, it is
likely that conduction path in epoxy/BaTiO; composite film
would be powder surface, and contacts between particles act
as resistance or potential barrier. So primary origin of high
leakage current of large powder is due to the decrease of the
number of contacts per unit length with increasing particle size.
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Fig. 9 Leakage current model; difference of the number of
contact per unit length between bigger powder and smaller
powder

In addition, since decrease of the number of contacts
makes the bias applied per one contact so larger and potential
barrier lowering effects stronger, leakage current increases



much more. The reason that the Schottky barrier disappeared
and the Ohmic conduction appeared in S-05 is due to the
increase of bias applied per one contact at the same electric
field; the bias was so large that potential barrier disappeared

4. Conclusion

Epoxy/BaTiO; composite capacitors were fabricated using
6 different size BaTiO; powders, and effects of particle size
on dielectric constant and leakage current of the composite
capacitors were investigated. Dielectric constant increased
with increasing particle size. It was mainly due to increase of
dielectric constant of powders resulted from increase of
tetragonality. Better dispersion also contributed. Leakage
current increased as particle size increased. This large increase
of leakage current is presumably due to decrease of the
number of particles and contacts per unit length, which act as
potential barrier, and increase of barrier lowering effect per
contact.

From the results, in case of BaTiO; powder less than 1um,
higher dielectric constant can be obtained at larger particle
size. But large powder has disadvantage of large leakage
current. Therefore, trade-off between dielectric constant and
leakage current when selecting powder 1is necessary.
According to our results, proper particle size for uses for
embedded capacitors is 0.5 ~ 0.7 um in diameter.
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