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Abstract

In this paper, a 3-Dfinite element prediction on aluminumpad squeeze during the copper wire bonding process for
high power IC package is presented. ANSYS Parametric Design Language (APDL) has been implemented on modelling,
mesh density, boundary condition (BC), impact stage and contact mode for the first bond process. The
ANSYS/LS-DYNA solveris applied to solve dynamics and LS-PREPOST is used to observe the predicted large plastic
deformation on bond pad and stress on microstructure under pad. In view ofhigh power IC package, larger diameter of
copperwire is required for electric loading for its low cost. In this research, a large diameter of 2 mil (50 um) uncoated
pure copper (4N) wire is applied to simulate first bond impact-contact process. As the scale double enlarged, the
problems encountered in simulation are usually evident. Preliminary results on impact stage demonstrate that ne gative
volume/hourglass on large distortion can be solved by tune-up inertial contact settings and mesh density. However,
severhourglass defect would occur on ultrasonic stage and remain a pending problem. A series of prediction has been
conducted on the first bond process during impact stage and the results can then be applied to the dynamic

wirebonding assembly process.
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1. Introduction

Although several advanced interconnection techniques have been developed recently [1-3], the wire bonding process is
still widely used in semiconductor packaging industries for its easy application and low cost. Thermosonic bonding (T/S
bonding) technique [4] has shown better reliability and good interconnection among allwirebonding processes. The 4N (99.99%)
thin gold wire (1mil diameter) is commonly used in wirebonding process because it has mechanically good elongation and
electrically low resistivity [5]. Bonding wire usually divided into three different zones, namely free air ball (FAB), HAZ (heat
affected zone) and as-drawn wire due to the effect of EFO (electric flame-off). The material behavior ofthree zones in gold wire has
been fully investigated by many earlier works [5-6]. However, elastic modulus (E) and Poisson’s ratio (v) at leveled working
temperature for FAB and HAZ on gold wire as well as Cu wire are still scarcely known. The micro -Vickers indentation test was
applied to obtain the Vickers hardness (HV) and then transferto ultimate tensile stress (UTS). While the surface tensile strength
can be determined by Nano-indentation test. The thermo-tensile mechanical attributes were measured by our self-designed pull

test fixture.
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As the price ofgold (Au) increases, the substitute material was focused on Pd-coated Cu wire or bare Cu wire just for cost
down. The Aluminum (Al) pad has been replaced by Al-Cu pad in accordance with Cu material property in the wire bonding
process. Itis also an excellent replacement for Au wire due to its similar electrical properties. Self inductance and self capacitance
are nearly the same for Au and Cu wire. However, the higher rigidity and more hardness [6-7] results in easily squeeze out the
bond pad around the smashed ball, as shown in Fig. 1. Another issue is more bonding power and higher working temperature
required in Cu wire bonding process. The dielectric material in circuit under pad (CUP) for wafer technology node (<60 nm) is
low-k material and for wafer technology node (<28 nm) is ultra low-k material. Because the low-k/ultra low-k material (nano-porous
silicon oxide) is brittle, Copperwirebonding process easily damaged the inter-metal dielectric (IMD) layer, which is demonstrated

in Fig. 2.
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Fig. 1 Large deformation and squeeze out bond pad near ball Fig. 2 Micro cracks occurre in IMD layer beneath the bond
bond [8] pad [8]

Another advantage of Cu wire is lower resistivity. Hence, Cu wire is a very common interconnected media used for high
power transmission. Although ultra-thin diameter of wire (0.8 mil (20 um)) has been applied to ASIC IC or memory IC, large
diameter of copper wire (2 mil (50 um)) is stillused on high power IC. Size effects for larger diameter are visible. Reliability on bond
pad squeeze and CUP micro-crack are much more overt. These attract many researchers and scholar attention on copper wire high

power IC package.

Because the complete mechanism of the wire bonding process includes z-motion, impact and ultrasonic vibration stages
[9-10], many material properties of bond wire were scarcely realized. The wirebonding is therefore essentially difficult to simulate
by numerical approach. Few papers [11-12] published the reliability of wirebonding process using finite element analysis (FEA)
software ANSYS/LS-DYNA. However, some of the bonding material data in these papers were numerical assumption. With
sufficient experimental material properties obtained in this research, both 2D and 3D FEA models were developed to predict the

dynamic response of the wire bonding process.

2. Experimental Works

Tensile mechanical properties ofthin 4N Au wire and Cu wire before/after EFO (electrical flame-off) have been investigated
by self-design pull test fixture. Microstructure characteristics of FAB and HAZ are also carefully examined. The mechanical
tensile properties for such ultra-thin wire are difficultly evaluated in traditional pull test. Hence, microtensile tests have been
carried out by employing the Instron-3365 universal test system with 5N+0.5% load cell and self-designed pull test fixtures.
Thermal effects (25, 125and 200°C) on material properties are taken into account. The chamber needs to be specially processed
with Nitrogen gas to avoid oxidization for Cu wire. It has been reported that the plastic behaviorand fracture willoccur in the HAZ
areawhen externalloading is applied. Itis, therefore, clear that the breakage sites of EFO wire are in the neck somewhere between

HAZ and FAB. Fig. 3 schematically illustrates the self-designed pull test fixtures for the HAZ.
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Fig. 3 Self-designed tensile test fixtures for the neck (HAZ)

2.1. Micro mechanical tensile test
Fig. 4 and Fig. 5 show the temperature effects on stress-strain curves for as-drawn and EFO bare Cu wire.
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Fig. 4 Micro-tensile mechanical properties at different

temperature for as-drawn bare Cu wire

Fig. 5 Micro-tensile mechanical properties at different

temperature for EFO bare Cu wire

True stress-strain (o - &1 ) relationships from plastic deformation to necking can be evaluated from engineering

stress-strain curves (O - & ). By power law in Eq. (1),

_ n
or = Ker

@

where n is the hardening indexand K is the coefficient of strength. The value of hardening indexis 0 <N <1 which is shown to

be a key factor for FEA simulation. Taking logarithm on both sides

logo; =logK +nloge; @
qddogo) _log(o,)~log(a) _ & do
d(logz)  log(z,)—log(z) o de ®
For strain-rate effect,
or = Ke @)
_[éIno, | ¢( o0, _Alogo _logo,, —logo,, log(oy,/o;,)
= . = . = . . . - . Je 5
dlne ).+ %\ de J,r Aloge log &,— log &1 Iog(rsz/glj ©

Copyright © TAETI



54 Advances in Technology Innovation, vol. 3, no. 2, 2018, pp. 51 - 58

From the above figures, true stress-strain mechanical properties in this study is listed in Table 1, where E is Young’s
modulus, o is yield strength, TS is tensile strength and & is failure strain. From equation (2), hardening index n and

coefficient of strength K can be quickly determined as 408 MPa.

Table 1 True stress-strain mechanical properties

’ Elongation
Material Density (g/cm®) | Poisson’s Ratio Mo\(;?JLIJ:S(CS;pa) \ﬁe(llc\i/li';r)e 59 MongS:?épa) % ? o
Copper Ball
(200C) 19.3 043 30 110 0.30 12
Al-Pad 2.71 0.33 69 400 1.38 13
Passivation 1.31 0.24 32 350 3.20 3
Low-k IMD 2.00 0.30 18 80 1.80 3
Copper Via 8.91 0.38 121 330 0.60 3
Oxide 2.64 0.32 66 430 6.60 3
USG 2.00 0.23 80 380 8.00 3
Al-Cu Pad 2.85 0.31 100 400 610 0.054
Die 2.33 0.23 161 - -

2.2. Finite element prediction

Both 2-D and 3-D finite element models based on FEA software ANSYS/LS-DYNA codes are developed to simulate the
wirebonding process. The geometry of the overall structure was first built to create models. Since FEA prediction also focuses
on the strain/stress beneath the bond pad, the entire microstructure of Cu/low-k layer should be well defined. Fig. 6 and Fig. 7

present the 2D FEA geometry, microstructure of Cu/low-k IMD and 3D FEA solid model, respectively.

Because the accurate material properties should be reflected as inputs for precise finite element analysis, the above
experimental measured data can then be directly applied to the existing FEA model. A fine mesh scheme is required to evaluate
large plastic deformations on mashed FAB with a sufficient accuracy. It should be noted that the small contact region between
capillary and FAB s always collapsed, which resulted in the so-called hourglass mesh or zig-zag patch during iteration approach.
This happens on hexahedral 3D solid reduced integration elements in FEA model and needed to be re-meshed very frequently.
In addition, the precise dimension for FEA modelshould be carefully measured. Table 2 lists the modal cart of capillary (tool) and
Table 3specifies the dimension of Cu/low-k IMD microstructure beneath the bond pad. The diameter of Cu wire is 50 pmand 85

um of FAB (free air ball).

Bonding
Capillary

Heat Affected Zone / ] Free Air Ball

Cu/Low-K {
Microstructure

Fig. 6 Finite element 2D copper wirebonding model. Fig. 7 Finite element 3D copper wirebonding model.
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Table 2 Detail charts for capillary

Descriptions Dimensions Diagram of Capillary
ao°
Tip Diameter (T) 188um . (STANDARD) ————_
- —
Hole Diameter (H) 58um Y 7 W
Chamfer Diameter (B) 8lum 77 /,///
/ L /
Inside Chamfer (IC) 11lum //
Inside Chamfer Angle (CA) 90° OR i
FACE
ANGLE
Face Angle (FA) 22°
Outside Radius (OR) 38um

Table 3 Detail dimension for microstructure beneath the bond pad

Length(um) | Width(um) | Height(um)
Pad 146 73 5.2
Passivation 146 73 4.58
Low-k IMD 146 73 4
Copper Ma 14 14 4
Oxide 146 73 18
Die 146 73 18

2.3. Physical mechanism

The bonding process is simulated in three steps. In the first step, the capillary (also referto the “tool”) push FAB downward

10 umwithin 0.7 ms to touch the pad. Second, the tool is continuously pushing FAB impact pad and the contact face/length

between ball and pad became welded. The third step provides a slightly downward force and ultrasonic vibration, which refers

to 120 kHz frequency, 1 umamplitude within 4 ms vibration time. Loading for the tool is: (1) y-travel and impact time is 0.3 ms, (2)

the vertical displacement is 36 um, (3) the horizontal displacement is 2 um. Fig. 8 demonstrates the key physical mechanism in

wirebonding process

Yemotion

Impact

Vertical

2.4. Boundary conditions

Positiono capillary (& m

—— Horwrontal

36 um

Time (0.3 ms)
Fig. 8 Capillary displacement physical mechanism

Allthe boundary conditions based on the wirebonding physical process for 3D predicted FEA model are illustrated in Fig.

9. The bottomsurface of FEA model is assumed to be fixed.
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Fixed alongxdl’
Fixed along z-dire'

All DOF=0 -7
Fig. 9 Boundary conditions for the predicted 3D FEA model

ixed along x-direction

/
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3.Result and Discussion

3.1. Squeeze-out bond pad

Fig. 10 FEA predicted wirebonding model

Larger plastic deformation occurred in the area under smashed FAB. Fig. 10 displays the predicted results for FEA
wirebonding model. As can be seen, the largest deformation took place in 2 regions: (1) contact area between capillary and FAB,
and (2) contact area between FABand bond pad. Negative volume, zig-zag patch and hourglass elements are always happening
and producing meaningless results during numerical iterations. Mesh density and element shape in the largest deformation
regions are particularly addressed to avoid numerical iteration errors. Squeeze-out bond pad can be controlled by giving the

optimal conditions in FEA model. Fig. 11 presents the predicted maximumsqueeze-out bond pad.

Fringe Levels
2.209e03

LS-DYNA user input

Time = 3 1.836e03 ]
Ci of Y-displ 1.462e03 |
min=10.00152495, at node# 37023 g
max=0.00220902, at node# 46685 089e 03 _

7.154e.04
3.420e.04
3.137e05
4.048e.04
7.782e.04
1.152e.03
1.525e.03 |

Fig. 11 Predicted maximum squeeze-out bond pad
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3.2. Predicted effective stress

57

Once the bond pad squeeze has been optimized, special attentions are focused on the dynamic response beneath the bond

pad. Fig. 12shows the predicted effective stress vs. time history in low-k IMD layers and the predicted effective stress contours

is shown in Fig. 13.
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Fig. 12 Predicted maximum effective stress vs. time history in low-k microstructure

LS-DYNA user input

Time = 0.3

Contours of Effective Stress (v-m)
min=0.624054, at elem# 138282
max=96.6843, at elem# 138574

Fringe Levels

Fig. 13 Predicted maximum effective stress at the end of impact motion

3.3. Parametric studies
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]

i

An increase in the bond pad would result in a decrease both in the maximum effective stress in the bond pad and the

squeeze-outbond pad. On the contrary, an increase in the bond pad would result in an increase in the maximum effective stress

in the low-k IMD microstructure. Table 4 lists predicted results as the bond pad height is increased.

Table 4 Predicted maximum effective stress for different bond heights.

Bond Pad Height (um) 5.2 6.2 7.2

Maximum Effective Stress (Mpa) on Bond Pad 131 111 109
Squeeze-out Bond Pad (um) 2.22 1.44 1.34
Maximum Effective Stress (Mpa) in Low-k IMD | 96.69 [ 96.76 | 98.88

4. Conclusions

In this paper, the predicted copper wirebonding process for high power IC based on FEA model has been developed. The

insight of the physical mechanism of wirebonding process has also been explored. The experiment works on micro mechanical

tensile test and true stress-strain relationships for Cu wire have been determined. With these material properties, the FEA

predicted wirebonding model becomes feasible and numerical simulation errors have been fixed in this research. Parametric stu dy

reveals an increase in the bond pad height would reduce the large plastic deformation as well as the maximum effective stress on

the bond pad. The predicted results can be directly applied to the practical assembly process.
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