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Kulicke & Soffa’s Flagship
Semiconductor
Wire Bonding Machine

Wire Bonding in Action with Fine Ultrasonic Transducer Used For
Gold Wire (20 Wires/Sec) Wire Bonding Machine
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*¢* The Thickness of the Individual Piezo Ceramics Should be One of the
Most Fundamental Decisions Made by Designers of Ultrasonic
Transducers

*¢* The Overall Piezo Stack Length is Normally Determined by “Rule of
Thumb” Guidelines Based on the Resonant Wavelength (e.g., Y4
Wave)

*¢* Quite Often Thickness/Number of Individual Piezo Ceramics is
Determined by the Drive Electronics (e.g., Maximum Voltage), Rather
Than by Fundamental Transducer DeS|gn Principles

*¢* Transducer Based Methods and Metrics are Needed to Quantify
Performance Based on the Thickness/Number of the Piezo Ceramics
for a Given Overall Stack Length
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Why is Optimizing Piezo Ceramic Thickness So Importa  nt?

*¢* Thinner Ceramics Result in:
- Higher/More Uniform Electric Field for a Given Voltage
- Lower Impedance—Higher Current for Given Voltage
- Increased Number for a Given Stack Length—Increased MFG Costs
- More Joint Interfaces—Increased Mechanical Losses
- Four Fold Capacitance Increase with Thickness—Drive Issues
(e.g., Halving the Thickness Doubles Capacitance/Number)

*¢* Thicker Ceramics Result in:
- Lower/Less Uniform Electric Field for a Given Voltage
- Higher Impedance with More Internal Heating
- Reduced Complexity—Increased Reliability, Lowered MFG Costs
- Less Joint Interfaces—Reduced Tolerance Stackup
- Four Fold Capacitance Reduction with Thickness—Drive Benefits
(e.g., Doubling Thickness Halves Capacitance/Number)

39t UIA Symposium, Cambridge, MA USA 4/12/10 -4- -v/: Kulicke & Soffa,



.u.muJ (T,
i Y 1
r - yn — "
Wil |

|

f

* K&S is the Leading MFG of Semiconductor Wire Bonding Equipment
Transducer Delivers Energy to a Capillary Tool for Welding Tiny Wires
Patented Single Piece “Unibody” Design Ideal for Research Study
* Portability Across 100’s of Machines Required for Same Customer Device

Peizo Stack || Transducer S @R e / Transducer Specs \
Operation 40 Bonds/Sec

: y 500 mA Max Current
o d Machine
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120 kHz Operating Mode
80 Ohm Max Impedance

Typical Capillary Tool with Wire
Compared to Sewing Needle

PZT8 Piezoelectric Ceramics Actual Wire Bonds From

of a Multi-Tier Package
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*¢* Three Transducers Built with .5 mm, 1 mm and 2 mm Thick Piezo Ceramics
*¢* Transducers Bodies/Piezo Ceramics from Same Production/Powder Lot

*¢* Overall Transducer Piezo Stack Length Identical for All (# of Shims Varies)
¢ Transducers Subjected to Stabilizing Heat-Treatment After Build

The Three Transducers Built for this Research Study
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+* Detailed Configuration of .5 mm, 1 mm and 2 mm Piezo Stacks
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~RESEARCH SUMMARYC

Averaged Vendor Data from 25 Sample Inspection of Each Thickness Size
(All Thickness Sizes Made from Same PZT8 Powder Lot 505, Bode in Width “W” Mode)

*¢* Vendor Provided Data of PZT8 Ceramics for Each Thickness Prototype

Ref Thk | Actual Thk | Powder | Pole | Test f, f.o |z, | f.-f, | C | ks |KTa3| DF |das|Q,,
(mm) (in) Lot Date | Date | (Hz) | (H?) |@]|. f, .|(pP)
0.5 0.0175 505 05-Jan-10 10-Feb-31351798| 409643| 11 0.103 6531 0.469 - 0.0016]| - 328
1.0 0.0380 505 28-Nov-09 09-Feb-1p453972|411366| - 0.104 28510.4701 1097 | 0.0020| 252 -
2.0 0.0790 505 05-Jan-10 10-Feb-1@145145| 396640| 22 0.122 136 | 0.505 - 0.0027| - 691

¢ Comparison of Parallel Plate Electric Field Uniformity Based on Distance
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¢ Bode Plots, Capacitance, DF of Individual Piezo Ceramics Before Build
+* Calibrate Stack Voltage vs. Force Prior to Assembly to Match Preload
*** Bode Plots, Capacitance, DF of Transducer After Heat-Treatment

¢ Laser Vibrometer Gain Measurements After Heat-Treatment

Piezo Stack
(@ 14ksi Load)

Scanning
Laser

Vibrometer Stack Voltage vs. Force Calibration

B Fixture (Before Assembly)
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¢ For f, Series Resonance Frequency 'pu andlp” >>
“* For f Parallel Resonance Frequency |CO mo @ndiy <<i.,
Spacmg of f, - fg Proportional to Electro- Mechanlcal Coupllng Factor k
Imaginary (j )
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E— p aR? (27f,) C,
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Mechanical “Q”
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Zero Phase, Electrical
Zero Phase, Electrical Resonance

Anti-resonance
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** Piezoelectric Coupled Field Finite 2.0mm
Element Model in ANSYS v12 Software Ceramics

** Direct Coupled Field Analysis—Coupling
via “Stiffness" Matrix which Includes
Piezoelectric Properties

“* Nodes Have Structural (X,Y,Z
Displacements) and Electric (Volt)
Degrees of Freedom

Orange: Electrode

0.5mm

Ceramics Green: -Y Poled

\Yellow: +Y Poled i b

z
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Calculated Transducer Behavior

S .
* ickness requency mpedance ase Window ormalized Gain
*%* Gain and Bode Results from [pzr Thick F Imped Phase Wind Normalized Gal
Finite Element Model mm Ktz Ohms Ktz pmvor  emmA
/ . .
*%* Constant Damping Ratio of 0.5 122.3 7.5 2.38 1.76 0.4
0 i 1.0 122.1 30.3 2.58 1.00 1.00
02 /0 Used fOr A” Matenals 2.0 121.9 121.0 2.67 0.36 1.43
Experimental [ Good ] [ Fair ]
Correlation
1.E+00 100 .
Experiment )
Showed Experiment Experiment
1.E-01 4| Parasitic Log Scale - 50 Opposite Sh_owed 1 mm Showed 2.00 for
Mode Trend Slightly Wider 2.0 mm? .5 mm
& 1 mm Good.
o L1.E-02 - -0 %
8 1.E-03 - --50 ©
£ & oz 100
< 1.E-04 Frequency Decreased L _100 i
' Slightly with Increasing
Piezo Thickness. Due to 0.20 1 50
1.E-05 —— 05 mmTh Fewer Shims Since Wave 1 150
B ——1.0mm Thk Speed for Brass 10% ) r0w
2 omm Thi Higher Than PZT g 0.15 A i
1.E-06 T T T T T T T T T T -200 é r-50 -;g;
115 116 117 118 119 120 121 122 123 124 125 126 § 0.10 7 L 100 g
Frequency, kHz — 05 mm The
0.05 -{| ——1.0mmThk
———2.0mm Thk T -150
0.00 T T T T T T T T T T -200

115 116 117 118 119 120 121 122 123 124 125 126
Frequency, kHz
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*** Typical Free-Free Bode Plot Results for Individual PZT Ceramics
** Vibrational Mode in Width “W” Dimension of Piezo Ceramic (1V Sweep)
¢ ky; Proportional to Phase Window f,—f. (Widest for 2 mm Thk)

Probe
Tweezers

Bode Plot of Admittance Vs. Frequency for IndivilBZT8 Ceramic

0.1 T T T T T T T T 100
Short Circuit 180 Contact at
Series Mode Dynamic Node
0.01 160
A
2 0.001 20 o
) (@)
S a . . .
= 0 < Piezo Ceramic Based Bode Plot Technique
% % Bode Plot of Admittance (Y) Loop for Individual PETCeramic
> — < 0.07 T T T T T T T T T
0.0001 -20 o 5 mm Th
Max Phase ] — ; mm I:‘;
i 0.053 5 mm Thk H
—— .5 mm Thk Mag V\gr::r?qw --40 @
—— 1 mm Thk Mag E 0.032 b
0.0000F—— 2 mm Thk Mag Open Circuit 2
—— .5 mm Thk Phasp Parallel 2 0010 E
(7]
—— 1 mm Thk Phasd Mode @
—— 2 mm Thk Phasd— < oo ’
[
0.00000 ' ' : : : ' 5 i
380 390 400 410 420 430 440 g 70032
Frequency (kHz) Sweep Voltage -0.053 e
Smm =1V L L L L L L L L L
1mm=1V _O'OI‘O 0.015 0.03 0.045 0.06 0.075 0.09 0.105 0.12 0.135 0.15

2mm =1V

Real Axis - Conductance G (S)
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Magnitude (S)

¢ Transducer Bode Plot Results After Stabilizing Heat-Treatment
¢+ Constant Voltage Sweep Normalized to Maximum Current at f,
** Electro-Mechanical Coupling k Proportional to Phase Window f,—f,

Bode Plot of Admitance Vs. Frequency for Variousz®ei Ceramic Thicknesses

Bode Plot of Admitance Vs. Frequency for Various Piezo Cerafigkiiesses

0.25 T T T T T T T T T T T T T 100
80
0.225
60
0.2 40
20
0.1
I Minimum  [{j]" 0
Impedance 4
0. Sweep Voltage 20
5 mm=.75V -1- 40
0.123 1 mm=3V |
2mm =12V - 60
0.1 -1-80
| —— .5 mm Thk Mag .75V|1- 100
0.073 —— 1 mm Thk Mag 3V |4~ 120
Maux Phase 2 mm Thk Mag 12V
0.05 Window 1 mm g —- 140
—— .5 mm Thk Phase .74
0008 — 1 mm Thk Phase 3v|| *®
—— 2 mm Thk Phase 12V~ 180
1 1 | 1 N 1
120 120.5 121 1215 1225 123 1235 124 1245 125 1255 126 126.5 127200

Frequency Decreases
with Increasing Number of
Joint Interfaces (Opposite
Effect Seen in FEA)

Frequency (kHz)
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Invalid 3V
Sweep Results
Shown as Dotted
Line for .5mm
and 2mm Thk

Magnitude (S)

Phase (Degrees)

Magnitude (S)

T T Ly T T T I 100

T

Parasitic \ )
¥ Mode \ 1750
- 100

0.01- /
- 150
110 ¥
- 200
i .5mm Mag .75V
1x10 Fl— 1mm Mag 3V 250
—— 2mm Mag 12V 1o 300
g .5mm Phase .75V
— 1mm Phase 3V \f 4-350
—— 2mm Phase 12

1 1 1 ! ! ! ! ! ! ! ! _ 400
116 117 118 119 120 121 122 123 124 125 127

Frequency (kHz)

Bode Plot of Admitance Vs. Frequency for VariouszBi Ceramic Thicknesses
100

- 100

— .5 mm Thk Mag .75V
— 1 mm Thk Mag 3V [
—— 2 mm Thk Mag 12V
----.5 mm Thk Mag 3V
“~<.| -~ 2 mm Thk Mag 3V
—— .75 mm Thk Phase .7
—— 1 mm Thk Phase 3V
—— 2 mm Thk Phase 12V
---.75 mm Thk Phase 3
---- 2 mm Thk Phase 3V

[41- 200

Peak Skewed
At 12V, but Not
at 3V Sweep

- 300

X107 1 1 1 1 1 1 1 1 1 1 1 1 1 _ 400
120 1205 121 1215 122 1225 123 1235 124 1245 125 1255 126 1265 127

Frequency (kHz)

Phase (Degrees)

Phase (Degrees)
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¢ Transducer Admittance Loop Bode and Equivalent Circuit Results
** Find Thickness that Maximizes k and Q_, but Minimizes Q.

Bode Plot of Admittance (Y) Loop for Various PieZeramic Thicknesses
T T T T T T T T

T T
— .5 mm Thk .75
— 1 mm Thk 3V

——2mm Thk 12V |
---.5mm Thk 3V
-~ 2mm Thk 3V

Imaginary Axis - Susceptance B (S)

Ideal Bode Plot of Admittance (Y) Loop for VarioBgzo Ceramic Thicknesses

Analog Mechanical Properties

: 0023 Increasing Ref Thk | Siffnes | Mass | Damping
C, (mm) | &) | (M | (ca)
0.5  |3.91E+09| 7 5
g 1.0 [1.64E+10[ 28 20
T 2.0 |7.24E+10| 121 94
ok Maximize k
' Maximize Q,
) oo 003 0057 007 0095 0a5  omd 013 omz  oml o - 0.1t 0_‘021 0_‘042 0_:)63 0_‘054 0_‘105 0_‘126 0_‘147 0_‘165 0_‘159 0.21 Mlnlmlze Qe
Real Axis - Conductance G (S) Real Axis - Condunctance G (S)
Equivalent Circuit Properties (Invalid 3V Sweep Res  ults Also Shown for .5 mm and 2.0 mm Thk)
Ref Thk | Actual Thk | Sveep [Maxl | Co | C | L | R fs fa f, fq f, fo Kk |Qm| Qe
(mm) (in) (Vop) | (MA) | (PF) [ (pF)| (mH) @) (kHz) [ (kHz) | (kHz) | (kHz) | (kHz) | (kHZ)
0.5 0.0175 0.75 149 |6397[256] 7 [ 5 [121.191]123.585[121.187]121.131]121.250( 123.588]0.1960] 1022 0.024
1.0 0.0380 3.00 148 ]1416| 61 | 28 | 20]121.791]124.382|121.786| 121.733| 121.849( 124.391| 0.2034 | 1053] 0.022
2.0 0.0790 12.00 | 128 [ 338 14 [ 121 | 94[122.894(125.366] 122.881| 122.833[ 122.956 | 125.358| 0.1973[ 996 | 0.025
0.5 0.0175 3.00 455 [5835|242[ 7 | 7 [121.113]123.582]121.100{121.040(121.187]123.600(0.1996 824 |0.029
2.0 0.0790 3.00 43 [ 350 14 | 121 | 70| 122.992] 125.403] 122.993 122.946| 123.038 | 125.396 [ 0.1949] 1335] 0.019
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¢ Capillary Tool Displacement Gain Results After Stabilizing Heat-Treat

Capillary Tool Displacement Versus Current Using Lase  r Vibrometer Capillary Tool Displacement 2 Versus Power Using Laser Vibrometer
35 ( For Various Piezo Ceramic Thicknesses, After Stabiliz  ing Heat-Treat) 8 ( For Various Piezo Ceramic Thicknesses, After Stabiliz _ing Heat-Treat)
3.00 - y =0.72712x + 0.52182

2.75 y =0.01112x - 0.03935

2.50 A
2.25 A

y = 0.00508x - 0.00047 y = 1.01192x + 0.19456

Slope is Effective
Current Gain

2.00 A

Slope is Effective
Power Gain u

1.75 A

1.50 A y = 0.00276x - 0.02305

Displacement Magnitude (Microns)
Displacement Magnitude 2 (Microns )
o

1.25 3]

1.00 -

075 | 21 + .5 mm Thk

050 | y = 0.90540x + 0.01559 + 1. mm Thk
1]

025 1 «+ . 5mmThk s 1mmThk =2 mm Thk = 2 mm Thk

0.00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ; 0 : ‘ ‘ ‘ ‘ ‘ ‘ ‘ :

0 50 100 150 200 250 300 350 400 450 500 0 1 2 3 4 5 6 7 8 9 10
Current Pk-Pk (mA) Power Pk-Pk (W)
Capillary Tool Displacement Versus Voltage Using Lase  r Vibrometer Capillary Tool Displacement Versus E-Field Using Lase  r Vibrometer

325 ( For Various Piezo Ceramic Thicknesses, After Stabiliz__ing Heat-Treat) 225 ( For Various Piezo Ceramic Thicknesses, After Stabiliz  ing Heat-Treat)

3.00 4 3.00 4

2751 y = 0.32516x + 0.04979 . 275

2.50 i 2.50 -
y =0.18922x + 0.22019 y =0.36527x + 0.22019

2.25 2.25 |

y = 0.23460x + 0.51079

2.00 A L 2.00 4

175 ] y = 0.05846x + 0.51079 e ]

1.50 A 1.50 4

1.25 A

Slope is Effective

1251 E-Field Gain

Slope is Effective

Displacement Magnitude (Microns)
Displacement Magnitude (Microns)

1.00 - 4 I 1.00 -
Voltage Gain
075 | 9 + .5 mm Thk 075 | y = 0.28907x + 0.04979 + 5 mm Thk
0.50 - = a4 1 mm Thk 0.50 - 4 1 mm Thk
0.25 = 2 mm Thk 0.25 = 2 mm Thk
0.00 - 0.00 : ‘ ‘ ‘ ‘ ‘ ‘ - - : :
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 0 1 2 3 4 5 6 7 8 9 10 1 12
Voltage Pk-Pk (V) Electric Field (V/mm)
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¢ Transducer Impedance/Frequency Sensitivity Results After Stabilizing HT

Impedance (Ohms

3.25

3.00 A
2.75

Displacement Magnitude (Microns)

0.25 A

0.00

39th

Impedance Versus Current For Various Piezo Ceramic T hicknessess

(After Stabilizing Heat-Treatment)

Resonant Frequency (kHz)

2.50 A
2.25 A
2.00 A
1.75 4
1.50
1.25
1.00
0.75 A
0.50 A

500

Displacement Magnitude (Microns)

+ .5 mm Thk
y = 0.4858x + 38.882 4 1 mm Thk
= 2 mm Thk
Slope is
Ohms/mA
n
y = 0.0229x + 14.74
—t + * * y = 0.0039x + 6.3429
0 50 100 150 200 250 300 350 400 450
Current Pk-Pk (mA)
Capillary Tool Displacement Versus Impedance Using L aser Vibrometer
( For Various Piezo Ceramic Thicknesses, After Stabiliz  ing Heat Treat)
_ More Than 10X Worse Absolute,
y = 0.69233x - 4.39170 I ~3X Worse on % Change Basis
A y = 0.02270x - 0.90800
y = 0.21948x - 3.22343
Slope is
m/Ohms
: + .5 mm Thk
. a1 mm Thk
= 2 mm Thk
*
0 20 40 60 80 100 120 140 160
Impedance (Ohms)
UIA Symposium, Cambridge, MA USA 4/12/10
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3.25

3.00
2.75 1
2.50
2.25 1
2.00
1.75 A
1.50 A
1.25 A
1.00 A
0.75 1
0.50
0.25 4

0.00

Frequency Versus Current For Various Piezo Ceramic T hicknessess

(After Stabilizing Heat-Treatment)

+ .5mm Thk
4 1 mm Thk
= 2 mm Thk

'\-\.\.\z:fo.oozzx +123.08

Very Lossy Like .
Mechanical Slope is
Gapping in Joints? kHz/mA

y =-0.0007x + 121.85

- -

—o

y =-0.0003x + 121.11

200 250 300 350 400 450
Current Pk-Pk (mA)
Capillary Tool Displacement Versus Frequency Using L

( For Various Piezo Ceramic Thicknesses, After Stabiliz

50 100 150 500

aser Vibrometer
ing Heat-Treat)

y =-4.86404x + 598.69973

y =-7.76111x + 945.69878
1.5X Worse

Even with
Less Joints?
Nonuniform

y = -7.86448x + 952.46283 Field Effects?

Slope is
pm/kHz * 5 mm Thk
a1 mm Thk =
A = 2 mm Thk

120.00 120.25 120.50 120.75 121.00 121.25 121.50 121.75 122.00 12225 122.50 122.75 123.00

Resonant Frequency (kHz)
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*** Summary of All Experimental Results

Ref | Actual |LCR (1kH2) Bode Plot Laser Vibrometer

Thk | Thk |Cap | DF |R| f, k [Qu| Qe . um | . pm | .un® |, um [|. um| . pm [ Maxoutput (um
(mm)| (in) | (pF) @[ (Hz) mA \% W V/mm Q kHz |500mA| 40V | 20W
0.5 | 0.0175 [ 6519 ]0.005] 5 |121187[0.1960]1022]0.024| 0.0028 [ 0.325 | 0.905 0289 [ 0692 | -7.86 | 1.40 |13.00{4.25
1.0 | 0.0380 | 1625 [0.004| 20 [121786]0.2034] 1053] 0.022| 0.0051 | 0.189 | 1.020 0.365 | 0.219 | -7.76 [ 2.55 [ 7.56 [4.52
2.0 | 0.0790 | 415 |0.002[ 94 [122881[0.1973] 996 | 0.025[ 0.0110 [ 0.058 | 0.727 0235 [ 0023 | -486 | 550 | 2.32[3.81

“* Parameter Sensitivity as Piezo Ceramics Thickness is Increased for a
Given Fixed Stack Length

Perfomance Parameters Physical Parameters

Parameter Direction Influence Parameter Direction | Influence
Impedance 1t Electric Field Motional Damping t* Distance
Resonant Frequency * # Joints Motional Stiffness * Distance
Electro-Mechanical Coupling - Varies Shim Material Volume # Joints
Joint/Interface Losses Quantity # Shim Electrodes Quantity
Nonuniform Electric Field Lossep * Distance | Peizo Material Volume * # Joints
Mechanical Quality Factor «n Varies DF Stack Distance
Electrical Quality Factor - Varies Capacitance Distance
Gainpm/mA * Electric Field| Complexity/MFG Cost Quantity
Gainpm/V Electric Field Motional Mass * Distance
GainpmZwW «n Varies DF Ceramics * Distance
Gainpm/(V/mm) an Varies Electric Field Distance
Impedance Changen/Q Electric Field Poling Voltage * Distance
Frequency Changam/kHz Electric Field| Piezo Material Cost Quantity
-19-
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CONCLUSJONS

e

4

* Optimal Piezo Ceramic Thickness Found to be 1 mm for this Transducer

** Bode Plot Results Were Weak Indicators for 1 mm Decision

* Laser Vibrometer Results Provided More Conclusive Evidence

* Displacement for 1 mm Most Efficient with Respect to Power and Electric Field
Optimal Design Traded-Off Electric Field Uniformity Vs. # Joint Interfaces

ANSYS FEA Showed Frequency Shift Effect Not Piezo Related (# Joint Interfaces)
Design Methodology Presented for Optimizing Piezo Ceramic Thickness
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«* Summary of 2X Thicker Piezo Ceramics Results Compared to Baseline 1 mm

- 4X Higher Impedance, But Only 2X Higher Displacement/Current Gain

- 3X Higher Drive Voltage Required for a Given Displacement w/ 50% Less Current
- Resonant Frequency Increased Due to Fewer Joints (Increased Stack Stiffness)

- Larger Variations in Impedance and Resonant Frequency Vs. Displ. (Unstable)

<
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* Summary of Half Thick Piezo Ceramics Results Compared to Baseline 1 mm

- 75% Less Impedance, But Only 50% Reduction in Current/Displacement Gain
- Requires Half Drive Voltage for a Given Displacement w/ 200% More Current
- Only Moderately Worse Based on Performance, But Much Higher Complexity
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