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Abstract

According to the results of Part A of this paper [Microelectron. Reliab., this issue], the vertical tension loading
transferred from the capillary is clarified as the direct driving force for bond pad metal peeling. Furthermore, the crack
on the bonding pad is identified as the direct cause of the pad peeling. However, the major driving force for the crack
that is correlated to the four main loadings described in the part A of this paper is not clarified. In order to find the
driving force for the crack, whole ball bonding process of ultrasonic wire bonding is simulated by finite element method.
The results of this study indicate that the horizontal vibration of the capillary controlled by ultrasonic power of the
bonding machine has the most serious effect on the crack on the bonding pad as well as its propagation into the oxide
layers in SDRAM chip. Thus it can be the major driving force for the crack.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Bond pad metal peeling [1-3] which is recognized as a
serious bond ability and ball bond reliability problem in
electronic packaging industry is analyzed with experi-
mental investigation in Part A of this study [1]. Ac-
cording to the results of the study, the vertical tension
loading transferred from the capillary is clarified as the
direct driving force of the pad peeling and the crack on
the bonding pad as well as its propagation into the oxide
layers is identified as the direct cause of the pad peeling.
However, the major driving force for the crack that is
correlated to the four main loadings described in the
paper [1] is not clarified. These four loadings are
strongly affected by bonding parameters because these
parameters, which can be adjustable in the bonding
machine, control the behavior of the capillary and the
heater block temperature during ultrasonic wire bond-

“Department of Mechanical and Control Engineering,
Tokyo Institute of Technology, Ishikawadai 1-204, 2-12-1, O-
okayama, Meguro-ku, Tokyo 152-8552, Japan. Tel.: +81-3-
5734-2783; fax: +81-3-5734-3917.

E-mail address: i_jeon@ichizai-7.mep.titech.ac.jp (I. Jeon).

ing. There are four main bonding parameters in ultra-
sonic wire bonding: bonding force, bonding time, heater
block temperature and ultrasonic power.

Many researchers investigated the effects of those
parameters on wire bonding. Guzmann and Mahaney
[4] and Hu et al. [5] found that the ultrasonic power is a
dominant variable in ball formation and has a critical
effect on the bond shear strength. Liang et al. [6] and
Shu [7] made a lot of efforts to optimize the bonding
parameters in order to improve the bondability charac-
terized by the ball shear stress and the ball bond reli-
ability determined by in situ ball bond degradation
measurement. Particularly, Liang et al. [6] introduced a
concept of ‘reduced bonding parameter’ and they were
able to relate the bonding parameters directly to bond
ability and ball bond reliability.

Several numerical analyses of wire bonding process
have been carried out for understanding the bonding
mechanism. Among these works, Chidambaram [§]
evaluated gold wire fatigue parameters and ‘mean time
to failure’ using temperature cycle data in conjunction
with the strains obtained from finite element analysis.
Moreover, Takahasi et al. [9] simulated wire defor-
mation processes during thermo-compression bond-
ing without ultrasonic vibration using finite element
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technique. The finite element simulation of the wire
looping process in ball-wedge wire bonding was per-
formed by Tay et al. [10]. They compared the obtained
resultant wire bonding profiles with actual samples.
Recently, Takahasi et al. [11,12] published two papers
about numerical analysis of fine lead bonding. They
reported the effect of pad thickness and pad mechanical
properties on inner lead bonding considering the visco-
plastic behavior of lead and pad.

In this paper, the whole ball bonding process of ul-
trasonic wire bonding is simulated by finite element
method considering the bonding parameters which are
adjusted for the actual wire bonding process to find the
driving force for the crack on the bonding pad and its
propagation into the oxide layers. Under the assumption
of elastic—plastic behavior of the bonding pad and elastic
behavior of the oxide layers, occurrence of the crack is
predicted by the maximum equivalent plastic strain in
the bonding pad and the maximum Mises stress in the
oxide layers.

2. Characterization of ultrasonic wire bonding problem

The ultrasonic wire bonding has various complex
problems, such as dynamic load transfer, diffusion be-
tween Au ball and Al bonding pad, mechanical and
thermal contact, friction and transient heat transfer
problem. In this study, however, the dynamic behavior
of the capillary and the ball is replaced with the behavior
without mass effect because the deformation of the
capillary itself is not important and the mass of the ball
is very small. Furthermore, for the sake of simplicity in
numerical analysis, the chemical reaction, namely, dif-
fusion Al bonding pad and Au ball (air free ball) is ig-
nored.

In order to compensate the bonding strength between
the ball and the bonding pad during the ultrasonic wire
bonding, the frictional contact problem for these mate-
rials is considered. In addition, the thermal contact and
the transient heat transfer problem are considered for
the numerical calculation.

3. Governing equations for mechanical contact problem

Consider two bodies that are contacting mechanically
and thermally with each other under plane strain de-
formation shown in Fig. 1. It is assumed that the ma-
terial property of two bodies is isotropic and each of two
bodies contains five types of boundary condition. The
displacement and the traction boundary conditions are
prescribed in I', and TI',, respectively. The temperature

h(T? +dT>-T.)

4+ di?
h(T' +dT' -T.)

T a2

Fig. 1. Two bodies in contact with the mechanical and the
thermal boundary condition.

and the convection boundary conditions are given in I'r
and I',, respectively. Moreover, I'. denotes the part of
boundary where contacts may occur.

Then in the absence of the body forces the equilib-
rium equation is written as

(0 +do;)', =0 in @ (1)

where superscript ‘4’ denotes body numbering and the
comma indicates partial differentiation with respect to
the Cartesian coordinate x;. When the loading applied
on the boundary increases, the plastic deformation will
occur. Under the plastic loading, the incremental form
of the constitutive equations for thermal elastic—plastic
material [13-15] can be written as

v 3GSk[ dSk/S,- i
doy = 2G(dey + ——— 8, dey ) — ok SO
%y < b, % ‘"’”) o2(1 + H/3G)
3oy /OT)dT
(QCov/OTAT ks, de” 2)

o.(1 +H/3G)

Under the elastic loading or unloading, the change in
stress do;; can be written as

doy = 2G<ds,-,- + ﬁ@,da”) —2K5,de” (3)
where T is the temperature, G is the shear modulus, v is
the Poisson’s ratio and K is the bulk modulus of the
material. Moreover, H = 0oy/0¢’ is the hardening
modulus, oy is the yield stress, s;; is the stress deviator,
0. is the effective stress and &’ is the uniaxial thermal
dilatation for the material. For the concise expression of
Egs. (2) and (3), the superscript ‘4’ which refers the body
numbering is omitted.

The strain-displacement relation is

de;; = 5(duy; + duy) 4)
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The mechanical boundary conditions are given as
follows:

u; =u; on Fﬁ (5)

(o, +doy)'ny =1 +dif on I} (6)

where #;, n; and t; are the prescribed displacement, the
unit normal vector and the traction on each boundary,
respectively.

The mechanical contact conditions can be repre-
sented as

p=0 onl, (7)

Si<0, fasufi on T (8)

For the contact boundary, the penetration between each
body is denoted by p. Therefore, p = 0 means the non-
penetration condition for the contact problem. The
contact traction component and the friction coefficient
are denoted by f; and u, respectively.

4. Governing equations for thermal contact problem

In Fig. 1, the heat of each body is transferred to the
atmosphere through the boundary I', and is exchanged
with each other through the boundary I'. depending on
time. The heat transfer in transient state has to be
considered in this case. The governing equations for the
transient heat transfer can be written as

. oT+dT) .
(qi + dql)ll = pkcﬁ% m Qk (9)

dgf = —*T; (10)

where p is the density, ¢, is the specific heat, «x is the
coeficient of thermal conductivity, the g; is the heat flux
component and dT is the temperature change during a
load increment.

The initial boundary condition is

Tlg=To (11)
The thermal boundary conditions are given as

(q: +dg;)*nf = h[(T +dT) — To,] on I (12)

T'=T onT% (13)

where Tj is the initial temperature of each body, T is the
prescribed temperature on I'r, T, is the temperature of
the atmosphere and 7 is the convection coefficient.

The thermal contact condition can be expressed as
follows:

(q: + dgn)nf = he[(T+dTy), — (T, +dT), ] on I
(14)

here 7; and T; are the temperatures of two bodies con-
tacted with each other. The subscript ‘b’ represents the
boundary of contact surface. Moreover #, is the thermal
contact conductance, which is divided into three terms
as follows [16,17]:

hc:hcs+hcm+hcr (15)

where /s, hen and ke, are the conductance components
of solid, fluid medium and radiation, respectively. The
expressions of each component will be shown in Ap-
pendix A.

5. Finite element formulation

The finite element formulation for the mechanical
contact problem can be obtained using Eqgs. (1)—(8) and
the principle of virtual work, which can be written as

/ (0 +day) ddu,dV = 0 (16)
JV

For the case of the thermal contact problem, Egs. (9)-
(15) and the variational equation for transient heat
transfer equation (17) can be utilized.

o(T +dT
/ [(qf +dgi),; - Pcp%
Vv

After obtaining the matrix equations for finite ele-
ment formulation from Egs. (16) and (17), these two
matrix equations are combined with each other to find
the mechanical and thermal solutions, simultaneously.
For more detailed procedure of the formulation, see the
work of Park and Kwak [18]. In this study, however, the
package code ABAQUS is used for these solutions be-
cause ABAQUS can offer the penalty method or the
Lagrangian multiplier method for the mechanical con-
tact problem and can support the analysis technique to
solve the thermal contact problem.

8dTdy =0 (17)

6. Material properties for numerical analysis

The capillary and the wire for ultrasonic wire bond-
ing are usually made from Al,Os; and 99.9% Au. The
components of SDRAM chip such as the bonding
pad, the oxide layers and the active die are also made
from Al, SiO, species and Si, respectively. For numeri-
cal analysis, the representative material properties of
those materials depending upon temperature are chosen
from the material handbooks [19-21]. However, the
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Table 1
The measured elastic modulus and the yield stress of the Au
wire

Elastic modulus Yield stress Temperature
(GPa) (MPa) (K)

73.65775 191.6 Room temperature
73.45181 181.923 323.15

72.43192 168.38 373.15

69.41147 160.635 423.15

66.54793 156.764 473.15

59.02623 141.28 523.15

elastic modulus and the yield stress depending on the
temperature of the Al thin film are selected from the
paper of Shi and Tu [22] and those of the Au wire are
taken from the measured data in Table 1.

For the elastic—plastic calculation based on the in-
cremental plasticity (2) and (3) is processed with a
power-law hardening rule of the form [13,14]

5{7 6- m
—(—) 18)

where & is the equivalent plastic strain, ¢y = oy/E is a
reference strain component; & is the Mises stress, o is the
non-dimensional parameter, m is the power-law hard-
ening exponent, typically m = 1 is the linear elastic and
m = oo is the perfectly plastic. We choose =1 and
m = 12 for numerical computation.

[

7. Finite element meshes and initial boundary conditions

The finite element meshes for the capillary, the wire
and the air free ball are presented in Fig. 2. The inner
diameter of the capillary tip is 28.74 pm and all of the
other geometric data are taken from its design drawing.
The diameter of the wire is 20.32 um and the total length
of the wire is chosen to be 1240 pum in order to save the
computation time. The diameter of the ball, which is
formed by EFO (electric flame off) electrode, is empiri-
cally known as 2.5-3 times that of the wire, thus it is set
to be 60.96 um. The mesh structure of SDRAM chip is
shown in Fig. 3. The geometric data of the chip com-
ponents including the bonding pad and the various
oxide layers are taken from the measured data of a real
chip. The isoparametric plane strain element with eight
nodes is adopted for modeling. The selective reduced
integration scheme is chosen to prevent the excessive
incompressible constraint in elastic—plastic deforma-
tions.

For the initial temperature boundary condition, the
room temperature, 278.15 K is selected for the capillary
and the chip, and the measured temperature, 1413.75 K
is selected for the wire and the ball to consider the
transient heat transfer during the ball bonding process
of ultrasonic wire bonding.

8. Boundary conditions for mechanical solution

In the ball bonding process, x-direction degree of
freedom of the nodes is fixed, namely, u; =0 on the

Fig. 2. The finite element mesh shape of the capillary, the wire and the ball.
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Fig. 3. The finite element mesh shape of the chip and the cross-section SEM image of a real chip.

outside of the capillary and on I') (see Fig. 2) to prevent
the rigid body motion of the wire and the ball. Fur-
thermore the symmetry boundary condition is applied to
the left and the right side of the chip and the y-direction
degree of freedom of the nodes is fixed, namely, u, = 0,
on the bottom of the chip.

Because the reasonable description of the behavior of
a capillary during the ball bonding process as the dis-
placement boundary condition is essential to the nu-
merical analysis, it is divided into four types of behavior
following the loading types of Jeon and Chung [1], such
as the vertical descent, the vertical compression, the
horizontal vibration and the vertical ascent.

For the vertical descent of the capillary, u, = —5014.5
pm and u, = —5006.5 pm is applied to the nodes on I
and I} (see Fig. 2), respectively, in 2.5 ms until the lower
surface of the ball contacts with the bonding pad and the
upper surface of the ball contacts with the tip of capil-
lary, simultaneously. Note that the time of this process is
decided from the 2 m/s velocity of the capillary. After
then u, = —21.7 pm, which means the 50 gf of bonding
force, is added to the nodes on I'; and u, = —5006.5 um
on I') is removed for the vertical compression of the
capillary during 30 ms. However, u; = 0 on the outside
of the capillary is still remaining in this stage. After the
vertical compression, the x-direction displacement is
applied for the horizontal vibration of the capillary on
the outside of the capillary but u; = —21.7 pm is still
maintaining on I';. The amplitude and the frequency of
the vibration are chosen as #; = 2 um, which means the
60 mW of the ultrasonic power, and 125 KHz of fre-
quency fixed in the bonding machine, respectively. To
save the computation time, only 0.008 ms in accordance
with 1 cycle of the vibration is applied to the capillary
even though the actual bonding time of the capillary is

Unit(pm)

0

-5006.5

-5014.0
-5036.2

H i
0 2.5 32.5 32.508 52.508 Unit(msec)

[E——
I

| | Vertical compression |
I I 1

I
M/

Fig. 4. The y-direction displacement loaded on I", of the cap-
illary according to the process time.

Horizontal vibration /

about 5-15 ms. Finally, for the vertical ascent, u; =0
and u, = 29.7 pm are applied to the nodes on the outside
of the capillary and I';, respectively, in 20 ms.

The whole y-direction displacement boundary con-
dition loaded on I'; of the capillary according to the
bonding process time is presented in Fig. 4. Note that all
aforementioned values for the displacement boundary
conditions and applied time are decided from the mea-
sured and empirically known data of actual ball bonding
process of ultrasonic wire bonding.

9. Boundary conditions for thermal solution

Because of the fixed heater block temperature of the
bonding machine, the bottom surface of the chip laid on
the heater block always maintains constant temperature,
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503.15 K during the ultrasonic wire bonding process.
Therefore, the temperature boundary condition for the
nodes on the bottom of the chip is prescribed to be
503.15 K.

The convection boundary condition is applied to the
outside of the capillary, the whole surface of the ball and
the top surface of the chip. The symmetry condition for
the convection is also applied to the left and the right
side of the chip. During the whole ball bonding process
except the vertical descent process of the capillary and
the ball, it is assumed that all surfaces of each body are
exposed to the natural convection. Hence the convection
coefficient is chosen as & =15 W/m?K for those sur-
faces. During the vertical descent process, however,
these coefficients are selected as & = 635.9 W/m? K for
the surface of the ball and & = 52.38 W/m>K for the
outside of the capillary because of their velocity.

In order to obtain these coefficients, a 1 m-long cyl-
inder and a 1 m-wide plate are proposed for the surface
of the ball and the outside of the capillary, respectively,
along with the plane strain deformation assumption of
this problem. Then the measured velocity of the capil-
lary and the non-dimensional numbers, i.e., Nusselt
number, Reynolds number and Prandtl number are
utilized for calculation.

10. Numerical results and discussion

The deformation results for the whole ball bonding
process are shown in Figs. 5 and 6. The status of the
capillary after the vertical descent is presented in Fig. 5,
which shows that the tip of the capillary contacts with
the upper surface of the ball and the lower surface of the
ball contacts with the bonding pad, simultaneously.

vertical
(lescenl.
2
L 1 !

In Fig. 6, the deformed shapes of the ball and the
bonding pad after each behavior of the capillary are
shown. The ball is largely deformed during the vertical
compression of the capillary and the shape around the
ball neck is highly affected by the inner shape of the
capillary tip in this stage. Furthermore, it is found that
the bonding pad is experienced severe deformation by
the deformed ball during the horizontal vibration be-
cause the shearing load induced by the capillary directly
transmits to the bonding pad through the deformed ball.
The x-direction displacement boundary condition ap-
plied to the outside of the capillary versus increasing
time for the horizontal vibration is presented in Fig. 7.

Two deformed shapes of the ball obtained from the
numerical analysis and the actual manufacturing process
are presented in Fig. 8. Fig. 8(b) is the cross-section
SEM image of the actually bonded ball. The same set of
the bonding parameters is used for comparing their de-
formed shapes with each other. Even though there are
some differences in the geometric data as well as the
material data between the modeled and the actual ul-
trasonic wire bonding process, Fig. 8 shows a good
agreement between these two shapes.

The temperature change of the ball and the bonding
pad versus increasing time during ball bonding process is
shown in Fig. 9. For obtaining those temperatures, two
points from each body where the mechanical contact is
initiated between the ball and the pad are selected. In
Fig. 9, it is shown that the temperature of the ball is
rapidly decreased during the vertical descent and the
early stage of the vertical compression. Moreover, the
heat of the ball increases the temperature of the bonding
pad rapidly when the contact between each body begins.
After then, the temperatures of the ball and the bonding
pad go to same value and decrease together to the heater

LY

pEsweE)

=

L1
e
!

Fig. 5. The vertical descent of the capillary.
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Fig. 6. The deformed shapes of the ball and the bonding pad during ball bonding process of ultrasonic wire bonding.

g
)

_
wn
///
|
_:
=
=
o
]
g
=]
=
E
=,
g
8
£
=
-

\\\\
e

)

W

h

o
.

! J
-1.5] \\. /

>20 T T T T T \. T = T

32.500 32.501 32.502 32.503 32.504 32.505 32.506 32.507 32.508
Time (msec)

Displacement of X-direction (um)
(=]
b
~
o«

Fig. 7. The x-direction displacement of the capillary during the
horizontal vibration.

block temperature. These results indicate that the tem-
perature of the ball and the bonding pad is affected by
the temperature of the heater block while the ball is
deformed and vibrated.

Because of the severe deformation shape of the
bonding pad during the horizontal vibration shown in
Fig. 6, the equivalent plastic strain in the bonding pad
and the Mises stress in the oxide layers underneath the
pad during the whole ball bonding process are investi-

gated. The changes of these values following the time of
ball bonding process are shown in Figs. 10 and 11.

Fig. 10(a) and (b) show that the maximum value of
equivalent plastic strain takes place in the bonding pad
underneath the edge of the deformed ball (x/L = 0.953)
during the horizontal vibration process which begins
after 32.5 ms. Where ‘L’ means the length from the
center to the edge of the interface between the deformed
wire ball and the bonding pad before the vibration
process and ‘X’ means an arbitrary position in the
bonding pad from the center axis of the deformed wire
ball. Because the equivalent plastic strain is closely re-
lated to the fracture of a ductile metal, the equivalent
plastic strain in Fig. 10(a) and (b) explain that hori-
zontal vibration has the most serious effect on the crack
on the bonding pad underneath the edge of the de-
formed ball.

Fig. 11(a) and (b) show that the maximum value of
Mises stress also takes place in the oxide layer beneath
the edge of the deformed ball (x/L = 1.047), where X’
means an arbitrary position in the oxide layer from the
center axis of the deformed wire ball. Besides, it shows
that the shearing load transferred during the horizontal
vibration has more serious effect on the oxide layers than
the compression load transferred during the vertical
compression from 2.5 to 32.5 ms. Such Mises stress
that mainly depends upon the horizontal vibration is
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Fig. 8. The deformed shape of the ball obtained from (a) the numerical analysis and (b) the actual manufacturing process.
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Fig. 9. The temperature of the ball and the bonding pad during
ball bonding process.

expected to make a significant effect on the fracture of
the oxide layers and also to help the propagation of the
crack on the pad into the oxide layers because the
shearing load from the vibration can be the Mode I type
loading for the crack on the bonding pad.

The role of the bonding time and the heater block
temperature in ball bonding process also can be ex-
plained with the results of Figs. 10 and 11. The bonding
time affects the accumulation of the equivalent plastic
strain in the bonding pad and the Mises stress in the
oxide layers during the horizontal vibration because
the number of vibration cycles can be controlled by the
bonding time. Moreover the heater block temperature
affects the upward or downward shift of these values
from current ones along the whole time of ball bonding
process because the deformation and the vibration of the
ball are mainly affected by this temperature (see Fig. 9).

Fig. 12(a) and (b) show the SEM images of the crack
on the bonding pad obtained from the PCT (pad cra-
tering test) after the regular ultrasonic wire bonding
process and the fractured shape of the pad as well as the
oxide layers obtained from the FIB works after the pad

4.0
=
& 354 | —=—x/L=0.280
2 —e— x/L=0.501 v
B 3.0 | —a—xL=0718
2 —v—x/L=0.953
=} 2.5 —— - 1]
= Iy o amsemse. °
§ 20 -
g 7] y YV
% B g AMAMAA A A
% 1.04 —>| “L—I;
=
L
= 054
=
g 0.0- .mwwaﬂ
g 00

-0.5 T T T T T .

10 20 30 40 50 6!

() Time(msec)

4.0
o
& 354 | —=—x1=0280
?:'0 —e—x/L=0.501 vV VY-V V-Y—v-y—V-v—V]
S 3.0 | ——xL=0718 .
8 —v—x/L=0.953 b
= 2549 Y gm—m-m—aa—ma—a-a—w
£ B |
g 2.0 ] ././'
2 151 e
% | 4x_l L v ® .A/A A A—AA—AA—A-A—A-A—a
B 1.01 —| e 4/‘
E "
k) ] A
5 03 s o
E) 0.0 FEE=e-4—55—s-8=0-0= 1
g o

-0.5 L L L L L L
32.500 32.501 32.502 32.503 32.504 32.505 32.506 32.507 32.508

Time(msec)

(®)

Fig. 10. The equivalent plastic strain in the bonding pad during
(a) whole ball bonding process and (b) the horizontal vibration.

peeling, respectively (see [1]). These figures explain that
the crack on the bonding pad is located around the edge
of the deformed ball and the vertically fractured oxide
layers is located under the cracked pad after the pad
peeling. Therefore the actual occurring location of the
crack on the bonding pad and the fractured oxide layers
shows a good agreement with the location at which the
maximum equivalent plastic strain and the maximum
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Fig. 11. The Mises stress in the oxide layer during (a) whole
ball bonding process and (b) the horizontal vibration.
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Mises stress are calculated from the numerical analysis
presented in Figs. 10 and 11.

11. Concluding remarks

In order to find the major driving force for the crack
on the bonding pad, whole ball bonding process of ul-
trasonic wire bonding is simulated by finite element
method. According to the results of this study, the
maximum equivalent plastic strain in the bonding pad
and the maximum Mises stress in the oxide layers are
calculated during the horizontal vibration process of the
capillary. Furthermore, it is clarified that the horizontal
vibration of the capillary controlled by ultrasonic power
of the bonding machine has the most serious effects on
the crack on the bonding pad as well as its propagation
into the oxide layers. Thus it can be the major driving
force for the crack. Therefore, careful decision of ul-
trasonic power of the bonding machine to control the
horizontal vibration is essential to prevent the bond pad
metal peeling of SDRAM chip.
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Fig. 12. SEM images of (a) the cracks on the bonding pads and (b) the fractured shapes of the oxide layers after the pad peeling.
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Appendix A

For analyzing the thermal contact problem, the cal-
culations of the thermal contact conductance, which is
divided into solid, medium fluid and radiation contact
conductance, are necessary (see [16,17]).

Firstly, the equation of solid contact conductance
introduced by Mickic [23], which is obtained to account
for contact interactions under plastic deformations is
used for calculation:

hes = 3800k,R, > [P/ (M + P)]"** (A1)

where k;, = 2k;k;/(k; + k;) and R, = /(Rar + Ras) are the
mean thermal conductivity and arithmetic mean surface
roughness, respectively. Furthermore, P is the contact
pressure, and M is the hardness of the softer material.

Secondly, for the calculation of the medium fluid
conductance, the equation achieved by Madhusudona
and Fletcher [24] is selected:

hcm = m/(sm (A2)

where k;, is the thermal conductivity of the medium and
Om 18 the distance between two materials.

Finally, the equation obtained by Wong [25] for the
radiation contact conductance is chosen:

hee = d'[eig; /(&0 + & — &ig)] % [(Ti4|b - r;‘|b)/(Tf|b = Tily)]
(A.3)

where ¢’ is the Stefan-Boltzmann constant, ¢ is the
emissivity of the ith material, 7 is temperature at abso-
lute scale and the subscript ‘b’ represents the boundary
of contact surface.

Note that all of the aforementioned thermal contact
conductances have been calculated for this study with
the measured and empirically known data of each ma-
terial used in ultrasonic wire bonding.
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