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Effect of Ultrasonic Capillary Dynamics on

the Mechanics of Thermosonic Ball Bonding
Yan Huang, Aashish Shah, Michael Mayer, Norman (Y.) Zhou, and John Persic

Abstract—Microelectronic wire bonding is an essential step
in today’s microchip production. It is used to weld (bond)
microwires to metallized pads of integrated circuits using ul-
trasound with hundreds of thousands of vibration cycles. Ther-
mosonic ball bonding is the most popular variant of the wire
bonding process and frequently investigated using finite ele-
ment (FE) models that simplify the ultrasonic dynamics of
the process with static or quasistatic boundary conditions. In
this study, the ultrasonic dynamics of the bonding tool (capil-
lary), made from Al,Oj3, is included in a FE model. For more
accuracy of the FE model, the main material parameters are
measured. The density of the capillary was measured to be
Peap = 3552 £ 100 kg/m3. The elastic modulus of the capillary,
FEeap = 389 £ 11 GPa, is found by comparing an auxiliary FE
model of the free vibrating capillary with measured values.
A capillary “nodding effect” is identified and found to be es-
sential when describing the ultrasonic vibration shape. A main
FE model builds on these results and adds bonded ball, pad,
chip, and die attach components. There is excellent agreement
between the main model and the ultrasonic force measured at
the interface on a test chip with stress microsensors. Bonded
ball and underpad stress results are reported. When adjusted
to the same ultrasonic force, a simplified model without ul-
trasonic dynamics and with an infinitely stiff capillary tip is
substantially off target by —40% for the maximum underpad
stress. The compliance of the capillary causes a substantial
inclination effect at the bonding interface between wire and
pad. This oscillating inclination effect massively influences the
stress fields under the pad and is studied in more detail. For
more accurate results, it is therefore recommended to include
ultrasonic dynamics of the bonding tool in mechanical FE
models of wire bonding.

I. INTRODUCTION

HERMOSONIC wire bonding is the most preferred

method for electrical connections to ICs [1]. In this
process, a microwire loop is welded to a metallization pad
of an IC and to a substrate terminal, thereby intercon-
necting the IC with a larger scale substrate circuit. Weld-
ing (bonding) of the wire to the IC is achieved by a com-
bination of constant normal force Fy, pressing the wire to
the pad, and an ultrasonic force Fys(t) = Fyg sin(2w f t),
where fis the ultrasonic frequency and ¢ is the time. The
forces produce sliding friction at the contact zone between
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wire and pad (interface). This leads to some wear (clean-
ing) and then to the bond being established.

The industry is continuously looking for methods to
reduce the cost and improve the performance and speed of
the process. One approach toward these goals is to avoid
bond failure such as underpad damage that is connected
to the high underpad stress caused by the normal and
ultrasonic forces required for successful ball bonding. An-
other effect of high bonding stress is localized pad thin-
ning [2], which leads to higher underpad stress and degra-
dation of the bond reliability. Underpad damage can occur
as delamination of layers, bond pad peel off, fracture of
dielectrics or underpad interfaces, or Si cratering as illus-
trated in Figs. 1(a)—(c), respectively.

Finite element analysis (FEA) is an excellent way to
obtain insight into physical quantities highly localized to
the contact zone (bond interface). The ball bonding pro-
cess includes several physical mechanisms that have been
partly described by FE models, for example, plastic wire
deformation [3]-[11], work hardening and/or rate-depen-
dent properties of wire or pad [6]-[12], interfacial friction
[3], 6], [7], [9], [10], [13], ultrasound (US) cycles [3], [4], [6],
[9], [11], [13], cyclic plasticity [14], dynamic effects of the
bonding tool (capillary) [4], [15], and thermal effects [7],
[9]. Process factors studied are bond force and US-related
parameters [3], [7], [9], US frequency [7], friction coefficient
[6], [7], mechanical properties [6], [8], wire/pad dimensions
[7], [8], and shape of tool tip [8]. Responses investigated
were underpad stress [3], [4], [6], [7], [9], interfacial friction
[3], wire stress/shape [4], [7]-[9], plastic dissipation energy
[6], [7], residual stress [9], and temperature [7].

In particular, Takahashi and Inoue [8] report a 2-D
FEA ball-bond model to analyze the behavior of the in-
terfacial plastic deformation with change in pad thickness,
pad hardness, and tool tip shape. Directional effects of
US are excluded. Guidelines are given how to change the
pad and tool geometry to influence the distribution of pad
and wire plastic extension and to facilitate homogeneous
bonding over the interface. Viswanath et al. [6] report a
2-D FEA ball-bond model and describe the interfacial de-
formation of the bond pad with changes in parameters
such as friction coefficient and pad properties. Increasing
the pad metallization thickness and hardness can mini-
mize the von Mises stress under the pad. The study ex-
cludes dynamic capillary effects. Zhang et al. [3] report the
stress distribution for various bond-pad thicknesses and
the levels of overall friction. A 32 full factorial design of
experiment is reported with varying bond force (Fy) and
US amplitude (Ayg). No other factors were varied, and
dynamic capillary effects were excluded.

0885-3010/$25.00 © 2010 IEEE
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Fig. 1. Hlustration of underpad damage types: (a) bond pad peel off, (b) hidden microcracks, and (c) bulk Si cratering.

Previous studies covered either the dynamic ultrasonic
behavior of the capillary or the ultrasonic stresses in the
bonded wire and underpad structures. However, the au-
thors are not aware of any report on a combination of
these 2 types of studies. Therefore, it is worthwhile to
investigate the ultrasonic dynamics of the capillary be-
cause they possibly dominate the form of the stress fields.
In this contribution, FE models are established that de-
scribe the influences of the capillary vibration dynamics
on stress fields and on the US force Fyg acting on (parallel
to) the interface.

1I. BALL BONDING PROCESS

The major process factors in ball bonding are Fy, Ays,
and the way these factors are controlled over time. These
factors determine the 2 major mechanisms observed in the
thermosonic ball bonding process, which are the plastic
deformation of the free-air ball (FAB) and the bond for-
mation at the interface.

The present study is confined to a double-stage bond-
force process [16], [17], which is characterized by a rela-
tively high impact force to bond force ratio causing most
or all of the ball deformation already before US starts.
During the subsequent US period, the bond forms uni-
formly over the interface. This allows for more uniform
bonded-ball geometries, faster throughput due to faster
search/approach times (i.e., higher contact velocities),
and potentially more reliable bonds because of more uni-
form intermetallic coverage formed at the interface.

The bond formation phase starts with ultrasonic dis-
sipation, during which the ball performs a harmonically
forced stick-slip oscillation [18], similar to that reported
by [19], transmitting friction force to the chip. The friction
energy and wear causes the formation of microwelds that
grow in size until they cover most of the interface. The
more microwelds, the more ultrasonic force is transmitted
to the chip. Consequently, maximum force and maximum
underpad stresses are expected at the end of the bond
formation phase just before the ultrasonic dissipation is
switched off. This study focuses on those stresses and the
UPD risk caused by them.

III. NUMERICAL

The FE software suite COMSOL 3.4 is used. The model
geometries extend in 3 dimensions in a Cartesian coordi-
nate system and include a standard capillary that is suit-
able for an 80-pm bond pad pitch process. First, model as-
sumptions, boundary conditions, and material parameters
are discussed. Second, an auxiliary model (model Ug.,e)
is introduced to determine a missing capillary parameter
using a comparison with previously reported experimental
data. Last, the ultrasonic model of the bonded ball (model
Udynamic) 15 presented and validated by comparison with
experimental results.

A. Assumptions and Boundary Conditions

Ultrasound is included in the model using a frequency
analysis (sometimes called harmonic response analysis),
giving a nontransient, steady-state response of the ultra-
sonic oscillation forced onto the system. Other simplifying
assumptions are

1. No plastic deformation. The ball is predeformed, i.e.,
in its final shape as after the bond.

2. No thermal effects.

3. No interfacial friction. Perfect mechanical connec-
tions are assumed at the ball-chip and ball-capillary
contact zones.

4. Intermetallic growth and any other bond formation
effects are ignored.

5. Effects of air-damping on the capillary vibration are
assumed negligible.

This geometry neither includes the ultrasonic horn nor
the transducer nor the capillary portion clamped by the
transducer. Only the capillary part protruding from the
horn is simulated. The top surface area (TSA) of that part
is where the ultrasonic boundary condition is applied. The
zdirection is the main capillary direction and perpendicu-
lar to the chip surface. The ultrasonic vibration is applied
in y-direction and is assumed symmetrical with respect to
z. Therefore, only the z > 0 half of the geometry is mod-
eled for simplicity.

The notation used in this paper is provided in Table I.
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TABLE I. NOTATION.

Fy Nominal (applied) bond force (normal force)

Fyg Ultrasonic force at ball/pad interface

Lys Optimized ultrasonic parameter level

Ays Ultrasonic amplitude

A[I}%ree Ultrasonic amplitude of horn tip in free-air vibrating mode
A[}j%' °ond - {trasonic amplitude of horn tip during bonding process
Agip Ultrasonic amplitude of capillary tip

Az)ége Ultrasonic amplitude of the node

Znode Location of the node measured from capillary tip

Peap Mass density of capillary material

Eeap Elastic modulus of capillary material

Veap Poissons ratio

n Loss factor during viscous damping

TLE Length of the capillary tool extending from the horn
TSA Top surface area of capillary tool

TBBS Typical bonded ball bulk stress

IFA Interfacial area of bonded ball

é, Ultrasonic displacement of TSA during horn nodding
€ Nodding angle

FJP Measured (actual) bond force

Fy First harmonic of the microsensor force signal

F Ue)scp Measured ultrasonic force at the ball/pad interface
F [Sjlsm Simulated ultrasonic force at the ball/pad interface
T }[,JZS Shear stress component contributing to F' Glsm

o, Stress component in z direction

o ;\I Normal force component of the z stress

o E S Ultrasound component of the z stress

P, Pressure applied at TSA in z direction due to Fy
oy Stress component in y direction

OVM von Mises stress

o Uniaxial tensile yield stress limit

[ Uniaxial compressive yield stress limit

01,09,03 Principal stress components

O max Simulated combined maximum principal stress
Omin Simulated combined minimum principal stress

I Line fraction of the tensile zone

B. Material Parameters

The materials for the components are those commonly
used in the industry: microcrystalline AlyOg3 for the capil-
lary, Au for the deformed ball, Si for the chip, and cured
Ag-filled epoxy for the adhesive. The material properties
required for a frequency analysis are the elastic modulus,
Poisson ratio, mass density, and damping coefficient. The
capillary material properties mass density p.,, and elastic
modulus E,, have a major effect on the ultrasonic model.
Therefore, pc,p is measured using a buoyancy-based meth-
od. A penetrating oil with known density was used that
readily creeps into the capillary tip holes. The experiment
was constraint to a minimum sample mass, which was
reached when using 4 capillaries per measurement. Thus,
32 capillaries were used in 8 groups to obtain 8 measure-
ments of pe,,. The resulting average mass density + stan-
dard deviation is

Peap = 3552 £ 100 kg/m?. (1)

The value of E,, for alumina at room temperature
depends on the grain size and porosity and ranges from

(a)

MOARONNANRNNRNNNAY .
Horn holding Horn tip (not modeled)
_’ the capillary
(not accessible
Z for measurement)

Capillary portion modeled ﬁ‘
l —

Distance from horn underside: Az [mm]
001 2 34

= S
g'g' | |
35 09 SN

e | | |
EE= 15 e I I P
° [ee
= 2.0F | . T
- ] 1 1 1 ] ]

Fig. 2. Model Ug,, adjusted to measurement. (a) Cross-sectional shape
of capillary used; vibration measurement along dashed line. (b) Simu-
lated vibration amplitude, adjusted to measured conditions (1)—(3) (3);
Frequency = 130 kHz.

about 310 to 450 GPa [20]-[23]. The value used for the
simulation models in this work is determined in a later
subsection. The loss factor (or internal friction Q=1 [24])
for viscous damping is estimated to be

n=2x10"* (2)

from the room temperature data in [21], [25]. The Pois-
son ratio of low porosity alumina is estimated from [23],
Veap = 0.25.

C. Ultrasonic Model of Free Capillary (Ujy.)

By adjusting the model described in this section to ex-
perimental data, 2 missing parameters for the capillary
vibration can be determined.

1) Experimental: The ultrasonic vibration shape (am-
plitude A{*®) of a typical capillary in free vibration with a
frequency of 130 kHz was measured with a laser vibrome-
ter moved in zdirection along the continuously vibrating
capillary shown in Fig. 2(a) and reported in chapter 3 of
[4]. The vibration has one node located close to the middle
of the capillary part protruding from the horn. The vibra-
tion was driven by a horn amplitude of AHf* = 0.585 pm
acting on TSA.

Three characteristic quantities for the vibration shape
are extracted from the results in [4]. They concern the tip
amplitude Ay, the node location 2,44, (measured from
the tip), and the amplitude at the node ASS -

node*
1) Ay =2.07 pm
2) Zuode = —4.6 mm . (3)
3y Agh <10 nm

These characteristics are used as 3 conditions to which the
FE model Uy, is adjusted.
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TABLE II. FE MODEL GEOMETRY VALUES.

Quantity Variable Value
Bottle neck angle BNA [] 10
Bottle neck height BNH [pm] 275
Chamfer angle CA [7] 90
Chamfer diameter CD [pm] 50
Face angle FA [ 11
Hole diameter H [pm] 38
Inner height TH [pm] 42
Outside radius OR [pm] 12
Tool outer diameter TOD [pm] 1587
Tool inner diameter TID [pm] 600
Tool inner height TIH [pm] 4875
Tool length extending TLE [pm)] 7600
Tool main taper angle MTA [ 20

2) Model Definitions and Horn Nodding Effect: Al-
though the total height for the capillary is 11.1 mm, only
the length of the capillary tool extending from the horn
(TLE) is modeled. Capillary geometry parameters used in
both experiment and simulation are given in Table IT and
illustrated in Figs. 3(a) and (b). The FE model uses ultra-
sonic displacement A{£ in y-direction at TSA as its main
boundary condition. The material parameters are those
given previously with the exception of E,,, the value of
which is determined by adjusting the simulated vibration
shape shown in Fig. 2(b) to the experimental values in

(3)-
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Fig. 4. (a) Definition of straights a (y = 0), b (z = 0), ¢ (z = 0), and
TSA. (b) Approximate implementation of capillary boundary conditions

for horn nodding, oscillating from plus to minus with ultrasonic fre-
quency.

However, the experimental match cannot be found by
varying Ec,, alone. Therefore, the rotational compliance
effect [4] is implemented and adjusted, too. The rotational
compliance reflects the limited stiffness of the horn hold-
ing the capillary. The capillary moment acts on the horn.
This causes a minute “horn nodding” effect. It is mod-
eled with an additional set of boundary conditions that
describe a nodding oscillation of the TSA. The way this
boundary condition is implemented is described using
Figs. 4(a) and (b). Fig. 4(a) defines the straight lines a, b,
and c. An angle ¢ is defined as shown in Fig. 4(b) describ-
ing the TSA nodding. The effect of ¢ is approximated by
ultrasonic displacement conditions 44, and —d, at lines b
and c, respectively, where

0, = tan(e) x (TD — TID) x 0.25 (4)

and TD and TID are given in Table II. To stabilize the
model, the line a on TSA is held fixed in zdirection.

8) Determination of tan(c) and E,,: A total of 289
combinations of E,;, and pc,, test values are evenly taken
from the ranges 300 to 460 GPa and 3500 to 3900 kg m 3,
respectively, to test the conditions in (3) numerical-
ly. Condition (3) is fulfilled for all the combinations if
n < 2.8 x 1072, Conditions (1) and (2) are fulfilled simul-
taneously if and only if

Eeap = 0.1121 [GPa kg ! m3] X peoy — 12.56 [GPa] (5)

and
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Fig. 5. SEM image of the microsensor setup [26].

tan(e) = — 4.179 x 107! [kg ! m3] X peap
~5.617 x 105 (6)

Thus, the value of € is —0.0032°. Using (1), (4), and (6)
with values from Table II, the boundary condition value

5, = 13.896 + 0.001 nm (7)
is found. Finally, with (1) and (5),
Euap = 389 + 11 GPa (8)

is found. This elastic modulus is within the range of pub-
lished values for alumina with low porosity [23].

D. Ultrasound Model of Bonded Ball (Ugyyqmic)

1) Ezxperimental: Bonding experiments are carried out
on a microsensor test chip and described in [26]. They are
carried out in a different laboratory than the experiments
used for the free capillary vibration. The wire bonder is of
the same type but has a slightly lower ultrasonic frequen-
cy. The capillary used is made from the same material but
has a different geometry.

The bonding experiments are briefly summarized here.
For bonding a Au ball with a bond time of 25 ms, impact
force of 588 mN, and typical measured bond force of
FFP = 236 mN, an optimized US parameter level is
Lyg = 42% and is proportional to the ultrasonic ampli-
tude of the horn tip. The conversion formula used [27] is
AP [pm] = Lyg [%] x 0.0133 [um/%)]. Thus, Lyg con-
verts to the ultrasonic amplitude at the horn tip

AfEerd = 0.559 pm. (9)

This value is the same for the free vibration and the
bonded ball case, a feature provided by the constant cur-
rent amplitude delivered to the transducer on this wire
bonder. An updated transducer was used that has an US
frequency of f = 128 kHz. A resulting ball bonded with
optimized parameters on the test pad in between the mi-
crosensor elements is shown in Fig. 5. On average, this
process results in ball heights of 16.3 pm, ball diameters

0 10 20 30 40
Time [ms]

Fig. 6. Amplitude of fundamental harmonic of the ultrasonic force in y-
direction measured during ball bonding (derived from [29], [30]).

of 59.4 um (measured at the capillary imprint), and shear
strength of 119 MPa.

The microsensor on the test chip that was used for this
experiment measures the interfacial US force. It consists of
4 piezoresistive elements (pT-diffusions of the CMOS pro-
cess) placed next to the test pad in a Wheatstone bridge
configuration. During ball bonding, the change in stress is
converted into a change in relative resistance expressed as
a differential voltage signal divided by the bridge supply
voltage [4], [28]. This microsensor signal is postprocessed
(filtered) to obtain the 1st harmonic amplitude, Fy, of the
experimental US force transmitted to the bonding pad
in y-direction and shown in Fig. 6. The filtering discards
lower frequency parasitic vibrations. For a series of ball
bonds, the average maximum value (+standard deviation)
of F is [26], [29], [30]

F§P =258 £ 0.016 mN, (10)
which is equivalent to an average shear force of 98 MPa at
the interface. In the next section, FE models are presented

to simulate a value F¢&" that is an equivalent to F(P.

2) Model Definitions: The capillary used in model
Udynamic 18 that used for the experiments [26]. In contrast
to the geometry of model U, it has a tip hole diam-
eter of Hgyeq = 35 pm and its main taper angle MTA is
30°. All other parameters are the same (Table II). Addi-
tional model geometries include a bonded ball, chip with
pad structure, and die attach material, similar to those
in [31].

Geometry parameters are given in Table III and are
illustrated in Fig. 7. The chip measures 2 x 2 mm and
is 500-pm thick. The adhesive layer has the same hori-
zontal extension and is 50-pm thick. The pad structure
consists of a metallization layer that is embedded in a
typical CMOS dielectric layer stack treated here as one
uniform component (dielectric). On the upper side of the
pad metallization, there is a window through the dielec-
tric allowing for bonding (pad opening). The modeled pad
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TABLE III. FE MODEL GEOMETRY VALUES FOR BALL, CHIP WITH
PAD STRUCTURE, AND ADHESIVE.

Quantity Variable Value [pum)]
Ball @ at capillary BDC 59.4
Ball @ at interface BDI 58
Ball height BH 16.3
Ball neck height BN 10
Adhesive thickness AT 50
Silicon length Sl 2000
Silicon thickness ST 500
Wire diameter WD 25
Pad thickness PT 2
Pad opening @ (min.) POD 70
Pad metallization & (min.) PMD 75
Dielectric thickness DT 4
Dielectric layer length DL 150

metallization and pad opening have octahedral shapes like
the pad in Fig. 5. The interfacial area IFA is defined by
IFA = 7 BDI 2/4 = 2624 pm?, where BDI is the ball di-
ameter at the interface (Table III). The origin O with co-
ordinates (0,0,0) is located at the interface center shown
in Fig. 7 and is 300 pm from the closest chip edge in posi-
tive y-direction.

The mesh used is shown in Figs. 8 and 9 for the ball
bond detail and the whole geometry, respectively. Maxi-
mum mesh element sizes down to 0.2 pm are set for sev-
eral lines of interest in the ball bond region. All other
regions are meshed more coarsely. The mesh elements are
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Fig. 8. Mesh detail including ball bond portion of model.

Chip Capillary Tip

Adhesive

Capillary part

Fig. 9. Mesh of entire model. Only half of entire geometry is modeled.
Only part of capillary is modeled.

tetrahedral and their total number is 96284 resulting in
440670 degrees of freedom.

Boundary conditions similar to those of model Ug,, are
used. The ultrasonic displacement of AH™ (9) and 4, (7)
are applied to TSA. The bottom of the adhesive layer is
kept fixed as illustrated in Fig. 10(a). The US frequency is
the same as in the experiment.

Material parameters other than those given for the cap-
illary earlier are given in Table IV. The Si chip is simpli-
fied as an isotropic component.

3) Validation of Ultrasonic Force at Interface: After the
simulation calculation is finished, the stress and deforma-
tion information for all modeled components is available
for any phase of the ultrasonic cycle. From this informa-
tion, the simulated ultrasonic force amplitude at the in-
terface is deducted,

P — nyZSdIFA =251 mN, (11)

where T},JZS is the only US stress component contributing

to Fyg, and the integration is carried out over IFA. The
numerical (11) and experimental (10) values for Fyg are
not significantly different from each other. The simulated
value F§& is 2.7% lower than the experimental average
value (10), a difference that is within the experimental
error (4.3%). Uncertainties of geometrical dimensions,
process settings, and material properties can have sub-
stantial influence on the error of F§#". For example, if re-
placing peap and Ee,, by peap + 0 and Eg,, + 0 (0 = stan-
dard deviation) as defined in (1) and (8), respectively,

F§8 changes by +2.5%. A more detailed sensitivity anal-
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Fig. 10. Main boundary conditions for (a) ultrasound (displacement am-
plitudes, frequency) and (b) bond force Fy (static pressure). Adhesive
bottom fixed for both models; not to scale.

ysis of input variable changes will be helpful for future
studies.

4) Ultrasonic Vibration Shape and Oscillation Gaps: The
state of maximum deformation during the ultrasonic cycle
is shown in Figs. 11(a) and (b) for the whole model (scale
factor 200) and the bonded ball detail (scale factor 50),
respectively. The effect of Fy is excluded in these results.
There is one vibration node at z = 3930 pm, and one
vibration antinode at z = 554 pm. The capillary tip is
considerably inclined (& 0.12°) with respect to the z direc-
tion.

This capillary tip inclination changes the uniformity of
the interfacial o, stress produced by the bonding force
(“inclination effect”). Although Fy provides a mainly con-
stant o ¥ at the interface to allow for an uniform bonding
process, the inclination oscillation adds an ultrasonically
oscillating component o to the z stress, o, = o ¥ + o 75,
As the inclination oscillation is nonconstant, its effect is
recommended to be below a certain limit for practical ap-
plications. The inclination oscillation might cause tensile
values of ¢, to exist during a fraction of an ultrasonic cycle
at the side opposite to the momentary US direction of the
capillary tip. Most of this tensile o % stress is compen-
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Fig. 11. Ultrasonic von Mises stress VM and deformation required for

F§™ = 258 mN: (a) whole model and (b) bonded ball detail. Ultrasonic
frequency = 128 kHz. Fy effect is excluded; deformation not to

scale. 6

sated in the real bonding process by the compressive o }.

To visualize this compensation, a basic bond force FE
model with Fy = 230 mN (value taken from the experi-
ment) is developed. The effect of Fy is produced using a
pressure P, = Fy/TSA = 137.1 kPa, as shown in Fig. 10(b),
where

TSA = 7 - (TD? - TID?)/4 = 1.678 mm?  (12)

is the (complete) capillary top surface area. The stress o
is calculated right under IFA at z = —0.1 pm. The total
stress 0, = o5 + 05 is shown in Fig. 12(a) and with its
components in Fig. 12(b). The simulation predicts a “ten-
sile zone” for o, extending across ~ 22% of IFA and indi-
cated by cross hatch in Figs. 12(a) and (b). Along the
z = 0 line of the interface, the line fraction [, where o, is
tensile, is [, = 0.23.

In the beginning of real bonding, tensile o, is expected
to initially produce tiny, oscillating gaps on the +y and
—y sides, as illustrated in Fig. 13(a) for the —y case. This
gap is expected to disappear because it is bonded with
the help of the compressive o, of the alternate half cycles.
Once bonding is strong enough to prevent the gap from re-
opening, another gap is expected to form at the capillary
chamfer above the initial gap location, between capillary

TABLE IV. MATERIAL PARAMETERS FOR BALL, CHIP WITH PAD STRUCTURE, AND ADHESIVE [26].

Component Material E [GPa] p [kg m~3 v [—]
Bonded ball Au 7.2 19290 0.424
Pad Al 70 2700 0.35
Dielectric Si0y 70 2200 0.17
Adhesive Epoxy 5 920 0.33
Chip Si 170 2329 0.28
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Fig. 12. Stress component o, at location under IFA (z = —0.1 pm): (a)
top view and (b) on-symmetry plane for ultrasound case, bondforce case,
and combined case (z = 0). Cross hatch indicates tensile zone. &

tip and top of the deformed ball. This gap is illustrated in
Fig. 13(b). The difference between experiment and simu-
lation is that the experimental gaps reduce stress in their
vicinity, and this is compensated for by higher than simu-
lated stress on the alternate half-cycle (o, < 0 region of
IFA).

5) Ultrasonic Stress Field in Deformed Ball: Because
the model neither includes plasticity nor interfacial slip,
the modeled ball acts on the pad similarly to a “friction-
less punch” [32]. Thus, the stress fields at the interface
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() (b)

Fig. 13. Hlustrations of gaps occurring during ball bonding: (a) at inter-
face before bond completion and (b) at interface between capillary tip
and bonded ball, after bond completion. Deformations not to scale.
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Fig. 14. Simulated von Mises stress in bonded ball and adjacent struc-
tures due to ultrasonic and normal forces. Plasticity and interfacial slid-
ing ignored; z = 0 and Ays = 0.599 pm. £

edges are bound neither by sliding friction nor plasticity
effects in this model. This limitation is considered for the
discussion.

The colors in Figs. 11(a) and (b) give information about
the von Mises stress oy caused by Fgi® only. The oyy
stress field caused by Fyg and Fy combined is shown in
Fig. 14. The yield stress of the bonded ball is estimated to
be that of massively deformed and work-hardened Au and
is not known. If oy is assumed to be 200 MPa, the major
part of the bonded ball has oy levels below ov. The edge
portions that point in US direction show oy); > oy once
during each cycle. It is expected that these portions yield
a few nanometers during several ultrasonic cycles until
oym on the new geometry falls below oy. The small
amount expected for this yielding cannot be observed in
the experiment [26], because the amount of US-induced
ball deformation is not significant with respect to the
measurement error. Such nanoscopic yielding is not cov-
ered by the simulation, and therefore the stresses calcu-
lated very close (a few microns) to the interface edge
points (z = 0, y = £ BDI/2, z = 0) are higher than those
expected in the real application. However, the further
away the stresses are calculated the higher their accuracy
due to Saint-Venant’s principle, which states that stresses
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far from where the load is applied do not depend on the
actual type of loading [33].

A typical bonded ball bulk stress value (TBBS) is evalu-
ated from the data in Fig. 14. The TBBS is defined as the
average von Mises stress on the line BDI/2 > y > —BDI/2
at z = BH/2 and z = 0 (TBBS line). The TBBS can serve
to indicate if additional deformation (e.g., ultrasonic en-
hanced deformation) results from the values of Fyg and
Fy applied. The resulting value for TBBS is 172 MPa.

6) Ultrasonic Stress Field Under the Pad: Stresses need
to be low enough not to fracture any of the CMOS lay-
ers or the bulk Si and low enough not to cause interfacial
delamination. As an example, the stresses in the underpad
bulk Si are evaluated here. If the mechanical stress is too
high, Si experiences brittle fracture according to, e.g., the
maximum normal stress theory [34]. This theory predicts
failure if oy < oy or 0. < |o3] where oy and o, are the
tensile and compressive uniaxial yield stress limits (tensile
and compressive strengths), respectively, and oy, 09, and
o3 are the principal stresses at a given point, in this case
ordered such that oy > 09 > 3. For Si, the maximum pos-
sible yield stress is 7 GPa whereas the practical limit can
be 33x lower (= 200 MPa) due to stress concentration on
defects [35]. The bulk material of Si chips has few stress
concentrating defects and therefore has a relatively high
effective tensile strength. The compressive strength is esti-
mated even higher than the tensile strength.

Simulated principal stresses are evaluated under the
dielectric/Si interface at z = —3.1 pm (with respect to
the origin at the interface) for lines £ = 0 and y = 0
and shown in Figs. 15(a) and (b) for US and bond force
combined and for US only, respectively. The simulated
maximum principal stress for the combined case is oy
~ 275 MPa (o3). Due to the gaps expected at the IFA or
capillary /ball interface, the effective oy, is lower than
simulated. On the compressive side, the principal stress
minimum o,,;, = —480 MPa is that of o3 and located at
y = —28.9 pm under the interface edge. Due to the gaps,
the effective o, is expected even lower than simulated,
because the compressive side compensates for the tensile
stress missing due to the gaps. Although having a mag-
nitude possibly larger than the simulated o, the effec-
tive o, in the experimental process does not cause any
noticeable defect.

IV. EFFECT OF CAPILLARY DYNAMICS
A. Comparison Models

Model Ugypamic i8 compared with 2 modified models,
Ugiatic and Ugig, which are both excluding dynamic capil-
lary effects in the ultrasonic range. Model Ug,;. corre-
sponds to model Ugypamic €xcept for the ultrasonic vibra-
tion frequency that has been put to 1 Hz, resulting in
quasistatic bending. The §, boundary condition is ignored
for simplicity. Only y-displacement A, comparable to Ayg
is applied together with fixing the adhesive bottom. Model
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Fig. 15. Principal stresses in underpad Si at z = —3.1 pm due to (a) US
and bond force combined and (b) US only.

Ui is the same as Ugatie €xcept for the capillary elastic
modulus that has been put to a value 109 times higher.
This almost infinitely stiff capillary is very similar to a
“hard” capillary tip boundary condition of Dirichlet type
that is pushing the bonded ball in ultrasonic direction.
In model Ug;g, the value of Ay virtually does not change
along most of the capillary and is less than 2% reduced
at the tip.

The nominal values used for A, are adjusted to give an
interfacial tangential force Frp equal to the value of F'7§P
given in (9). The adjustment is performed using a correc-
tion factor foq; = F'5§"/Fr where Frp is the value obtained
when using the original value of A,. The adjusted values
of Ay are calculated by multiplying the nominal values of
Ay with f,q;. The values of f,q; are —2.68 and —0.193 for
models