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ABSTRACT

At present, microelectronics industry is continuing developed for the most efficiency of
integrated circuit, to meet rapidly change of new technology and user s demand, with low-cost
production. Integrated cireuit industry could be divided into two types i.e. integrated circuit
production and integrated circuit molding with packaging. For Thailand, there is only latter
production. This thesis studies a technique of Thermosonic bonding optimization process with the
packing, taking into consideration of statistical analysis of dependent parameter for optimization
of Au Wire diameter. Result of the analysis indicates the relation of diameter of Au Wire with
shear force and pull force. with 4 independent parameter(B Force, B_Power, B_Time,
Temperature)the results will be display on contour chart. Since the high quality of Au Wire
bonding depends on maximization of shear force and pull force, this study could be applied to use
in some BGA, TQFP packaging or packaging with Fine Pitch device, by reducing Au wire in

appropriate size and optimization:
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Lead Pitch in mm. MAXIMUM LEAD COUNT
Body Size in mm. 1 0.08 | 0.65 | 0.5 0.4 03 1025 | 0.2 |15
10x10mm 20 32 40 72 88 120 | 144 | 180 | 236
12x12mm 36 48 56 88 108 | 144 | 176 | 224 | 296
14x14mm 52 64 80 108 | 128 | 176 | 208 | 264 | 344
20x20mm 76 96 120l 32 | 192 | 256 | 304 | 384 [ 504
24x24mm 108 | 136 | 168 | 184 | 232 | 304 | 368 | 464 | 616
28x28mm 1564192 -|..216//} 240 272 | 360 | 432 | 544 | 720
32x32mm - - . 248 | 312 | 416 | 496 | 624 | 824
36x36mm e - . 280 | 352 | 464 | 560 | 704 | 936
40x40xmm - \ B 312,392 | 520 | 624 | 784 | 1040
44x44mm - - : 344|432 | 576 688 | 864 | 1144
48x48mm = 5 5 376 | 472 | 624 | 752 | 944 | 1256
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Properties Units Au Pd Pt Ag Al Cu

Melting point 2o 1063 | 1552 | 1770 | 961 658 | 1083

Density g/cm3 1932 | 12.02 21.45 10.5 2.0 8.92

Lattice Constant at | Angstrom | 4.0786 | 3.9807 | 3.9231 4.0774 | 4.049 | 3.6153

20°C

Specific Heat at | Cal/g °c 10.0308 | 0,584 | 0.03136 | 0.056 |0.215 |0.092

25°C

Lattice Structure FCC. FCC FCC FCC ECC FCC

Heat Conductivity | Cal/em.sec. { 0.744 | 0.18 0.174 1 0.53 0.941
%

Coeff of Linear | 107 m/m. | 14.16 | 11.1 9.1 TO. 1% | 43.6 16.5

Expansion '

(0-100°C)

Specific Electrical Ohm.mm’ {10022 | 0.11 0.107 0.016 [ 0.027 | 0.017

Resistivity /m

Electrical % IACS* | 78 16 18 108 64 101

Conductivity at

20°C

Hardness N/mm’ 220 | 400 [ 400 260 [200- | 400-

500 1100

Modulas of N/mm’ 79000 | 123600 | 173200 | 82500 | 70500 | 123000

Elasticity

Tensile Strength | N/mm’ 135 180 130 138 100-]210-

200 370
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4. Temperature : 180°C, 215°¢ : 230°C
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Run | B Time(gf) | B_Power(mW) | B_Force(gf) | Temp °c)
2 10 70 40 230
3 10 90 30 205
4 18 50 40 205
5 15 70 30 180
6 15 790 20 205
7 20 50 30 230
8 20 70 20 205
9 20 90 40 180
10 20 S0 20 180
11 20 70 40 230
12 20 90 30 205
14 10 70 30 180
15 10 90 20 230
16 15 50 20 230
17 15 70 20 205
18 15 90 40 180
19 10 50 40 180

20 10 70 30 230
2 15 50 30 205
23 15 70 20 180
24 15 90 40 230
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56 10 50 40 230
57 10 70 30 205
58 10 90 40 205
59 15 50 30 180
60 15 70 20 230
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M3 5.1 (d0)
Run B_Time(gf)|B_Power(mW)|B_Force(gf) Temp (OC)

71 20 70 30 205
72 20 920 20 180
73 10 70 30 180

50 30 205
76 15 70 40 205
77 15 90 30 180
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Run B_Time(sec) | B_Power(mW) | B_Force(gf) | Temp O
1 10 50 20 180
2 20 50 30 180
3 20 50 40 180
4 10 70 40 180
5 15 90 20 180
6 20 90 20 180
7 10 90 40 180
8 20 50 20 205
9 10 50 40 205

10 10 90 20 205
11 20 90 40 205
12 10 50 20 230
) 10 50 30 230
14 20 50 40 230
15 10 70 20 230
16 20 70 30 230
17 15 70 40 230
18 20 90 20 : 230
19 15 90 30 230
20 10 90 : 40 230
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Run Ball Shear Ball_Size Ball_Pull | Ball Thickness | Loop Height
(gh (mil) (g0 (mil) (mil)
1 13.55 2.67 9.61 1.19 9.54
2 32 2.72 11.61 1.12 9.05
3 35.24 2.88 12.03 1.02 9.62
4 39.04 292 12.62 1.04 9.26
- 41,65 3.09 13.28 0.95 9.08
6 44.14 3.12 11.65 0.89 9.49
1 49.14 3.1 2679 0.81 9.34
8 30.47 2.68 12.4 1.12 9.2
9 28.28 2.71 12.25 \ 1.06 9.05
10 38.56 2.98 11.84 0.94 9.36
11 56.18 3.64 11.87 0.66 9.16
12 24.71 2.96 13.25 1.19 9.42
13 26.86 2.68 10.8 121 9.4
14 44,82 289 11.47 1.06 9.36
15 36.11 2.83 11.33 1.1 9.56
16 56.36 3.15 11.01 0.89 9.83
17 57.4 321 10.96 0.86 9.78
18 54.98 3.3 11.8 0.88 9.93
19 57.78 325 11.75 0.79 9.85
20 58.38 3.28 11.51 0.86 9.81
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® Ball_thickness ® Loop_height 4 Ball _shear X Ball pull X Ball_size}

Magnitude
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Fine Pitch Gold Ball Bonding Development Using RSM Optimization

Santi Chatruprachewin, Assoc.Prof.Dr. Wisut Titiroongruang
Electronics Research Center., Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
S1061175@kmitl.ac.th,ktwisut@kmitl.ac.th

ABSTRACT

This paper describes to develop a fine pitch assembly especially for pad limited
microelectronic dice. VLSI how designed with pad pitches ranging from 5 mil down to 3 mil,
suitable for evaluating gold ball bonding. Response surface methodology(RSM) was used to
characterize a state-of-the-art wire bonder with a bottle neck capillary for fine pitch bonding.
Regression analysis generated mathematical model to plot 3-D charts and contour charts to
optimize bonding parameters. Bonding windows were identified by using bonding
specification requirements and material/process constrains as boundary conditions. Specific
ball shear force, ball shear force per unit bonded area, was introduced for characterizing
bonding quality across all ball sizes. In semiconductor manufacturing, cost reduction and
increasing performance are two constant demands. Up to now these demands were
successfully fulfilled by reducting die size through line width reduction with fab processing.
However, improvements in fab technology along can no longer meet these requirement.
Assembly technology, especially wire bond technology has become a limiting factor in die
size reduction. Die size cannot be further reduced unless wire bonder can make reliable bonds
on the ever shrinking bond pads. Millions of dollars of potential cost saving are at stake.

KEYWORDS
RSM, Bonding Windows, Fine Pitch, Ball Size
1. INTRODUCTION

In this keen global environment, cost reduction is the very key to survival. At present,
die size is still the deciding factor in packaged devices cost, Often a difference of one mil in
die size can mean profit or loss fora given device. Therefore there is immense pressure to
reduce die size. Die size is closely linked to pad pitch. It is even more so for 0.6/0.5 micron
technology. When migrating to this smaller line width, a whole generation of 0.8 micron
devices suddenly becomes “pad limited”. In a pad limited design, circuitry is much smaller
then he die, leaving expensive empty space between bond pad and the core of the circuitry.
Die size cannot be reduced because of the assembly limitation on bond pad size and pad pitch.
It is therefore extremely critical to be a able to reduce bond pad pitch to minimize die size and
to achieve maximum cost reduction and competitiveness.

As the bond ball size reduces with the bond pad pitch, a practical and valid question
often being asked by assembly engineers, wire bonder manufacturers, wire makers, and
assembly subcontractors alike, that is, what should be the minimum allowable ball shear
force?. As pad pitch is reduced, so it the bond ball size and the actual bond line. How could
one know whether the reduction in ball shear force was due to reduction of gold ball-to-
aluminum pad contact area, or was it due to improper bonding parameter setup on the wire
bonder, or was it due to some contamination on the bond pad?. What is the absolute minimum
ball shear that will still prevent the bond wire from lifting off the bond pad during molding?.
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These are but a few of the questions that need to be addressed as the industry continues into
finer and finer bond pad pitches. This paper concentrates on addressing the issue of creasing
the best possible bond line quality for fine pad pitch small ball application, and presents a
statistical approach to characterize and optimize a bonding system which consists a given
bonder, capillary bond tool, gold wire and bond pad metallization.

1.1. Thermosonic Ball Bonding Technology

Coucoulas was the first to combine ultrasonic energy with heat to produce
thermosonic bonding in 1970.Today, the vast majority of interconnections to integrated
circuits are made with Au thermosonic(TS) ball bonding. It is also occasionally used for Au
wedge-wedge bonding. This bonding method is a combination of ultrasonic and
thermocompression welding that optimizes the best qualities of each for microelectronic
usage. TC welding usually requires interfacial temperatures in the order of >300°C. This
temperature can damage some die-attach plastics, packaging materials, and laminates, as well
as some sensitive chips. However, in thermosonic welding, the interface temperature can be
much lower, typically between 125 and 220°C which avoids such problems. The ultrasonic
energy helps disburse contaminates during the early part of the bonding cycle and helps
mature the weld in combination with the thermal energy. This combination also allows the US
energy to be kept small enough to minimize cratering damage to the semiconductor chip. For
ball bonding, the wire is threaded through a capillary-shaped tool, and a spark melts the end
of the wire forming a ball at the bottom of the tool. The bond is formed when the tool under
load presses the ball against the bonding pad and ultrasonic energy, plus heat from the work
holder, is applied.

1.2. Thermosonic Ball Bonding Process

N

Gold wiri
Spa @ @ é! !fg US energy, pressure
EFO \:m and heat to form

> chip ball bond

bond pad

N\ s

Ball bond @
®

Capillary tool

Package
bond pad
@ Crescent or
£ stiich bond
\p g b US ehergy, pressure, 2

bond pad and heat to form

ball bond
Fig. 1 Simplified procedure for making a ball-sttch wire interconnection with a capillary tool.
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(1) Gold wire is fed through the capillary, and an EFO spark melts the wire. A gold
ball forms at the end of the wire (2) The wire is retracted so that the ball is positioned against
the bottom of the capillary. (3)The tool is lowered to the bond pad, and the Au ball is pressed
against it. The interface rises to the bonding temperature US energy is applied, and the ball
bond is formed. (4) The tool is raised, leaving the ball welded to the surface, and forming the
wire loop as is moves to ward the second bond position.(5)The bond pad is positioned beneath
the bonding tool(or capillary).(6)The tool is lowered, as in (3), to make a bond. This bond is
called a stitch bond. Sometimes the final bond is called the crescent bond because of its shape.
(7) After the stitch bond is made, the capillary tool is raised, and a wire clamp above the
capillary tool pulls and breaks the wire free. The tool rises up, the clamp lowers the wire
sufficiently to allow another ball to be made, and the bonder is ready to repeat the bonding
cycle.

2. EXPERIMENT

Response Surface Methodology

This study was done on a state-of-the-art Shinkuwa UTC200B1 A gold ball bonder
with a ceramic bottleneck capillary. Silicon dice were Ag-epoxy die attached on 28 SOIC
(Plastic Small Outline ICs)copper lead frame. Bond wire used was 0.8 mil diameter gold wire.
Major bonding parameters investigated include first-bond force, first-bond power, first-bond
time and bond temperature(bonder heater block temperature). All samples were preheated to
bond temperature on the bonder before wire bond experiment.

The experiment design was a 20-run Central Composite Inscribed(CCI) design base
on response surface methodology.

RUN# | B_TIME [B_ POWER|B_FORCE| TEMP |

(ms) (mW) (2) (G
1 10 50 20 180
2 20 50 30 180
3 20 50 40 180
4 10 70 40 180
5 15 90 20 180
6 20 0 [ 20 180
7 10 90 40 130
8 20 50 20 205
9 10 50 40 205
10 10 90 20 205
11 20 90 40 205
12 10 50 20 230
13 10 50 30 230
14 20 50 40 230
15 10 70 20 230
16 20 70 30 230
17 15 70 40 230
18 20 90 20 230
19 150 5 1o 30 230
20 10 90 40 230

Tablel.By-Run Bonding Parameter Setting Per
Central Composite Design
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Each variable has five experiment levels. Therefore it is suitable for building quadratic
mathematical models. Table 1. lists the bonding parameters for each experiment run. The
experiment design and data analysis were done on ECHIP software published by ECHIP, Inc.
Three dimensional charts and contour charts.

In each run,20 bond balls were measured for ball size along the X-direction and Y-
direction, respectively. Ball size is defined by the outermost edge of the smashed ball area as
depicted in figure 2. Ball size were measured on a 500X high power optical microscope with
a Hisomet Union85088 digital read out box.

Ball shear test was performed on the same 20 balls used for ball size measurement. Ball Shear
force was measured on a Dage BT-24 ball shear tester.

Bond Wire
"// Bond Ball

Shear Tool _ Squashed
B

all Area
F—»

| Chip Bonding Pad

|
I Actual
Bonded Area

-4—Chip Bonding Pad

Fig. 2 Ball Size Definition

3. Ball Shear Stress

Ball shear stress, also know as “specific ball shear force”, is defined as ball shear force
per unit bonded area. In this study, bonded area is treated as an ellipse, and is calculated as
n/4(Xs * Xy). Here Xs = ball size in the X-direction, Ys = ball size in the Y-direction. This
treatment is an over estimate of the true bonded area, because Xs and Ys measure the
squashed ball dimension observed from directly above the ball, while the actual gold to
aluminum contact area is smaller then the squashed ball diameter as shown in Figure
2.Therefore,ball shear stress calculated with this “apparent” bonded area providers a
conservative under estimate of the quality of the gold-to-aluminum intermetallic bond line.
The actual ball shear stress is higher then the calculated value.

3.1. Contour Chart

While 3D charts in an array provide a semi-quantitative overview of the response
space, contour charts group several responses into a single plot to provide quantitative
information of the responses space figure3. shows an array of contour charts for Xs, Ys, and
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ball shear force as a function of temperature and time while keeping bond power and bond
force at specific values on top of each individual contour charts,

3.2. Wire Bonding Optimization

Up to now there is a general acceptance that higher the ball shear force, the better the

bond quality. Therefore, a typical bonding specification uses ball shear force as a measure of
bond quality and stipulates a minimum allowable level. However, there is no general
understanding as how good a bond line quality could be in terms of ball shear force. Because
ball shear force, though easy to measure, is highly dependant on ball size a high shear force
reading could be a result of an inferior bond line with large ball size. Therefore ball shear
force does not truly measure bond line quality and is not a suitable parameter for wire bond
optimization. Ball shear stress, on the other hand, is an intrinsic property of the bond line,
independent of ball size. Therefore, for fine pad pitch wire bond optimization the author
proposes using ball shear stress as a better parameter.
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Ball_Shear Ball_size
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e
@
50 60 70 80 20 B 60 70 a0 %0
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Value ., 7t \ 8- N0 7 LR, VB (T ) rar
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N e i Time = 20.0
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35— iz \
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- O R LN e “-| e,
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26— — {ic
P - R
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Fig. 3 Contour Charts for ball size and ball shear force as a function of Bond Power
Bond Force, Time and Temp.

82



Ball_Thickness
Time 3%00

\\ " Ramp 2 2
*{\

50 80 90

B _Force

B_Power

B_Power=70.00 B_Force=30.00
Value Low Limit High lell
0.928 062, 1.094

Fig. 3Contour Charts for ball size and ball shear force as a function of Bond
Power, Bond Force, Time, and Temp.

An “Ideal” bond ball should have the best bond line quality with ball size proper of the bond
pad. There the first step in optimizing the wire bond parameters is to find out what is the best
bond line quality as reflected by the highest ball shear force on the response surface. A visual
scanning through the contour chart arrays reveals that the maximum ball shear force 54.65 g.
In Figure 3, The regions defined by 54.65 g contour line is found in the following
charts:Power=70mW, Force=30gf, Time=20ms, Temp=230°C Respectively

For a bond pad with 3.5 mil pad opening, wire bond parameters inside any of these regions
should be adequate. However other then the ball size requirements, often there are additional
material and process constrains. For example, a copper lead frame has high thermal expansion
coefficient. Too high a bonding temperature may cause the lead frame to flex and bow on the
bonder heater block, and may cause the lead frame feeder to lose tolerance and jam the
bonder. Therefore for copper lead frames, there may be a cap on bond temperature, say 230°
C. Futher more, production through put it inversely proportinal to bond time. To ensure
productivity, there could be a cap on the bond time say 20 ms. Under these additional
constrains, one may no longer achieve the best bond quality. Instead, one should add all the
constrains on the contour charts, then locate the highest ball shear stress 10.62 gf/mil® is
found in Power=70mW Force=30g Time=20ms Temp 230°C. Under condition 3.10 mil ball
diameter and shear force 54.65 g.

4. CONCLUSION

The “ideal” fine pitch wire bond is one that fits the bond pad and at the same time has
the best bond quality in terms of ball shear stress. Ball shear stress, defined as ball force per
unit area, is an intrinsic property of gold-to-aluminum metallization. Therefore ball shear
stress is a batter parameter for bond optimization than ball shear force. This study
demonstrated that Response Surface Methodology is an effective means for characterizing a
wire bonding system which consists of a given bonder, capillary bond tool, gold wire and
bond pad metallization.3D chart arrays were used to visualize the overall characteristic of the
response surface. Contour chart arrays were used to quantify wire bond results in terms of
bonding parameters.
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To optimize for fine pitch bonding, the author recommends using the contour chart to
locate wire bonding windows that produce the best ball shear stress, or at least, the best
possible ball shear stress when under additional dimensional, material, or process constrains.
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