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Abstract

The main objective of this project is to develop a sensor system that can
be used to monitor important parameters in ultrasonic wire bonding,
namely, ultrasonic amplitude, impact force and bonding time. These
parameters can be used to distinguish the bond quality and to provide

real-time feedback signals for in-process control.

Chapter one gives background information relating to uitrasonic wire
bonding and highlights the importance of measuring different bonding
parameters. Chapter two presents a review of the working principle and
describes the characteristics of ultrasonic wedge transducer used in the
present study. Chapter three describes an innovative way of placing a
polyvinylidene fluoride (PVDF) polymer sensor between the piezoelectric
driver and the concentrator horn. Different electrode patterns are
evaluated for use in detecting the ultrasonic amplitude and the impact
force. The most suitable electrode configuration is being evaluated further
in Chapter four. Chapter five describes how the sensor is calibrated and
Chapter six relates the bond quality to the sensor output. A short

conclusion and suggestions for future work are given in Chapter seven.
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The placement and calibration of sensor for bond quality monitoring
described in this thesis is an original work with practical application that
has not been reported before. We have filed a United State Patent based

on the present work.
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Chapter 1
Introduction

1.1 Background

Wire bonding packaging has a wide application in microelectronics
industry. There are three commonly used wire bonding methods, namely,
thermocompression, ultrasonic, and thermosonic. Ultrasonic wedge
bonding was introduced to the microelectronics industry at about 1960 and
became dominant in device production until goid-ball thermosonic
autobonders took over. Ultrasonic wedge bonding is performed at room
temperature (if heated, it is thermosonic). It is primarily used to bond Al
wire to either gold (Au) or aluminum (Af) bond pads. It is called gold wire

bonding when gold wire is used [1].

In general, aluminum wire for ultrasonic wedge bonding normally has 1%
silicon added to increase its strength because pure aluminum is too soft to
be drawn to fine-wire dimensions. For example, 31.75 pm (1.25 mil)
diameter aluminum wire added with 1% silicon has 1 to 4 % elongation
and 19 to 21 gf tensile strength. Figs. 1.1 and 1.2 show typical aluminum
ultrasonic wedge bonds on 100x100 um? aluminum bonding pads for Al -
Al first bond on the IC chip and thick gold plated bonding pads for Al — Au

second bond on the chip carrier.
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Fig. 1.1 A plane view of typical wire bonds to interconnect the IC die and

the chip carrier.

EHT= 3.88 kV

Fig. 1.2 A side view of typical aluminum wire wedge bonds.
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1.2 Wire bonder

An AB-500B computerized semi-automation ultrasonic wire wedge bonder

(fig. 1.3) manufactured by ASM Assembly Automation Ltd. is used in the

present project.

(b)

Fig. 1.3 The ASM 500B computerized semi-automatic ultrasonic wedge
bonder. (a) the PLL ultrasonic generator; (b) the Uthe 70-PTL Al
wedge bond ultrasonic transducer; (c) the bond head; (d) the

workholder and (e) the vision system.

Chiu Siu San 3



' Qb THE HONG KONG
Qv POLYTECHNIC UNIVERSITY

CH1

The bonding machine comprises three major components: bonder

assembly, controller system and the vision system [2].

Bonder assembly includes the following components:

(a)

(b)

A phase-locked-loop (PLL) ultrasonic generator supplies the
ultrasonic power to the ultrasonic transducer and keeps the system

close to its resonant operational frequency for stabilization.

An ultrasonic transducer (fig. 1.4) converts electrical energy into
mechanical vibration. It essentially includes a piezoelectric driver, a
transducer horn, a bonding tool and a barrel. Ultrasonic power is fed
into the piezoelectric driver, to drive the transducer horn and set the
bonding tool into vibration in longitudinal modes. The transducer horn
has an exponential shape and it amplifies the longitudinal vibrations
and transmits vibrations to the bonding tool. At the bonding tool,
longitudinal vibration__ of the horn is converted into flexural mode
vibrations. The Uthe 70-PTL Al wedge bond ultrasonic transducer has
two small holes drilled at angles of 60" and 30 in the transducer horn
for threading the Al wire (fig. 1.4). The nominal operation frequency of
the transducer is 62.1-63 kHz. Gaiser Tool model 2130-2025-L
bonding tool made of tungsten carbide is clamped into the front of
transducer horn by a small screw. The barrel of the ultrasonic

transducer is used to mount the transducer to the bonder.
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{c) A bond head consists of a transducer mounting bracket that fixes the
ultrasonic transducer by clamping at the barrel. It can descend
vertically in the z direction until the bonding tool with a wire touches

the bonding surface to produce a predetermined bonding force.

(d) A work holder can be programmed to move in the x-y direction with

precision and has clamps to hold the device to be bonded.

(e) A vision system is used to visualize the bonding process. The
illumination light generated by a lamp passes through the lens
system to the camera and finally the object image is displayed on a

TV monitor.
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Piezoelectric Concentrator hom '\
driver Workhotder

Fig. 1.4 Diagram of the Uthe 70-PTL Al wire wedge bond ultrasonic

transducer.,
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1.3 Wedge bonding process

The following figures shows the simplified step-by-step procedure for

making an ultrasonic wire bonding between the bond pad of a chip and the

package with a typical wedge tool.

A wedge tool with a bonding wire (Al- 1% Si, 31.75 um diameter) is placed
above the bond pad. The tool is lowered to its ‘first-search’ position,
presses the bonding wire against the bond pad with a predetermined
force. By applying an ultrasonic energy, the wedge vibrates .along the wire.
After a short time, the wire begins to deform and a first bond is formed on
the bond pad. The wire clamp is opened and the bonding tool raises while

the wire is fed out from the spoocl of wire for forming a loop between the

first and the second bond.

The work holder moves to the location of the second bond and a wire loop
is formed. The tool is lowered to the ‘'second-search’ position and exerts a
force. Ultrasonic energy is applied again to form the second bond on the
package. After the second bond has been made, the wire clamp is closed
and pulls back on the wire to break it at the heel of the bond. Then, the
wedge tool is raised again; the end of the wire is pushed forward

underneath the tool until its tip is placed beyond the front of the tool. The

bonding machine is then ready to repeat the cycle [3].

Chitr Sitr San
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Microscopically, there are three phases in the uitrasonic wire bonding

(3.4].

(1) Cleaning phase - In this short first phase, hardly any wire deformation

occurs and the temperature of the bond pad surface rises only slowly.
Throughout this phase, the bonding tool rubs the wire across the bond
pad surface. The ultrasonic energy being applied is used mainly for
surface cleaning, ie. for removal of the surface oxide and
contamination layers. Some ultrasonic energy is consumed in heating.
There is only relatively small amount of ultrasonic energy being used

for wire deformation.

Mixing phase — In the second phase, the temperature rises sharply
and the wire deforms accordingly. Input ultrasonic power is used to
flatten the metal wire and to cause a distinct temperature rise in the
bond pad surface. The metals are brought together until they are only
atomic lattice distance apart over the interface area. The elevated
temperature enhances the diffusion of atomic lattice dislocations and
relaxes the weld area. A partial weld is formed and the wire sticks to
the bond pad. The bonding tool now rubs onto the essentially immobile

wire, thereby generating a further increase in temperature.
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(3) Diffusion phase - No significant deformation or increase in temperature
occurs in the third stage. The heat generated by the friction of the
bonding tool on the surface of the wire causes the temperature of the
bond area to rise, thereby increasing the relaxation of the weld area.
This tempering process stabilizes the bond by ‘curing’ the diffusion —

rich interface area and preventing it from becoming brittle.

Every bond will go through the three phases described above, although
the length of each phase can vary for a number of reasons. For example,
the wire composition is not homogeneous, the surface properties of the
bond pad and wire and the contamination level may vary. In an ideal
situation, as soon as the deformation curve levels off, the energy supplied
can be reduced and removed altogether shortly afterwards. However, on
most bonding machines a very high maximum energy level is programmed
to ensure that all bonds are made. This method has a risk that a large
number of bonds receive too much energy and thus being ‘overbonded’,

resulting in a significant quality loss.
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Wedge tool
Pressure and
ultrasonic energy
Wire is applied
Chip Package
(1) (ii)
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0Ty SR,y e T W e T TR i e PR AR T |
(iii). _ (iv)
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energy is
applied
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.

Wire break off

v) (vi)

Fig.1.5 Simplified step-by-step procedure of the wedge bonding machine

operation {3].
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1.4 How ultrasonic bonds are formed

Soft, face-centered-cubic (FCC) metal wires (e.g. Al, Au, Cu) of 25 — 33
um diameter are commonly used in small uitrasonic welds for
microelectronic interconnections. There is no mathematical model for the
welding process. It is a complex and yet not fully understood process.
However, many efforts have been made to study andfor explain the

process.

Ultrasonic Al (31.25 um diameter) wedge bond formation was studied by
examining the bond foot prints left on normal Al bond pads by bonds that
did not stick. These are the bond lift-off patterns and represent the best
method for studying the early stages of bond formation. Such patterns are
made by increasing ultrasonic power and with constant bonding force (25

gf) and bonding time (30 ms).

The pattern in fig. 1.6a results from pressing the wire against the pad with
normal bonding parameters except with an ultrasonic power setting of 0.5
V.. Fig. 1.6b shows the lift-off pattern made by applying a driving voltage
of 1.5 V,, indicating that wire-to-pad microwelds start to form at points
near the perimeter. In the lift-off pattern in fig. 1.6c resulted from a driving
voltage of 2.5 V,.,, the weld area spreads inward covering part of the area

around the perimeter. Fig. 1.6d shows the bond formation when the driving

Chiu Siu San 1"



~ Qb THE HONG KONG CH 1
Qv POLYTECHNIC UNIVERSITY

voltage is 3 Vpp. The weld has increased considerably, but is still primarily
confined to the area around the perimeter. As the driving voltage is
increased to 3.5 V,, (fig. 1.6e), the ultrasonic wedge bonding starts

around the perimeter and has progressed inward to form an optimum

bonding.

Ultrasonic welding is a type of deformation weld in which the metal is first
softened by the ultrasonic energy. The bonding force deforms the softened
wire against the equivalently softened bonding pad, sweeping aside brittle
surface oxides and contaminants, leaving clean surfaces in contact. Little
deformation takes place in the center of the weld, so the oxides and
contaminants remain there, and this area is often remained unwelded.
Presumably, the same energy transfer mechanism that softens the metals
without significant heat generation also supplies the required activation
energy for interdiffusion. This forms the metal-to-metal (atomic) bonds

within a few milliseconds [3].
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Fig. 1.6 Wedge lift-off patterns below the point that the wire adhere.
Patterns are made by maintaining the (25 gf) bonding force and

(30 ms) bonding time constant and progressively increasing the
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ultrasonic power (the optimized driving voltage is 3.5 Vpy). (a) 0.5
V,., driving voltage; (b) 1.5 V., driving voltage; (c) 2.5 V,, driving

voltage; (d) 3 V,,, driving voltage and (e) 3.5 V., driving voltage.
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1.5 Real-time monitoring

In recent years, there has been considerable interest for an electrical or a
mechanical real-time (in-process) quality control system in order to
increase the bond yield. As there is no quantitative theory for ultrasonic
bonding, the proper operating window to produce good quality bondings

are determined empirically.

In general, two broad categories of measurement parameters have been
considered in the development of an in-process monitoring and/or control
technique. They are direct parameters of the bond itself or secondary

parameters that will vary according to the extent of bond formation [6].

Direct bonding parameter measurements involve finding the transient
temperature at the bonding interface, acoustic emission measurement etc.
However, such kind of measurements have their limitations for developing
in-process monitor or control systems. For example, an ideal acoustic
emission technique [6] relies on the detection of significant emission signal
during the change from interfacial sliding to plastic deformation conditions,
or the signal changes as a result of stressing a completed bond during the
final phase of the bonding period. In practice, acoustic emission signal
amplitudes are small compared with signals of similar frequency arising

from harmonics of the fundamental bonding frequency. Highly
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sophisticated transient analysis techniques would be required to detect the

acoustic emission signals.

Secondary bond parameters involve the measurements of progressive
changes in meéhanical impedance at the weld interface as the bond is
developed. These measurements can conveniently be grouped according
to the locations of the control parameters relative to the bonding zone.

These are sometime called transmitted parameters, weld zone parameters

and reflected parameters [3,6].

Transmitted parameters represent physical properties detected after the
ultrasonic vibrations have passed into the substrate supporting structure,
and they are modified as a result of changes in the bonding zone
impedance. Weld zone parameters denote the wire deformation can be
used to characterise bond quality, as evidenced by visual inspections of
the wire bonds and compared them against certain assessment standards
[7,8]. Changes in mechanical impedance at the bonding interface
generally cause changes in the transducer driving system. Monitoring has
been achieved by measuring the change in current flow in constant
voltage systems and vice versa [9]. This methodology mainly measure the
reflected parameters. Some of these methods have been published,
others patented, and others have appeared only in internal or in military

contract reports [9 -16].
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1.6 Bonding parameters

There are some critical bonding parameters that influence the bond
quality. They are the ultrasonic energy, bonding force and bonding time.
Optimizing these parameters can improve the bond quality and the

bondability.

1.6.1 Ultrasonic energy

Ultrasonic energy is produced by a piezoelectric driver. It plays an
important role in the wire bonding process. Firstly, it removes the surface
oxide and contamination layers to achieve surface cleaning. At the same
time, the bonding wire is softened and deformed by the uitrasonic energy
(3]. After the ultrasonic energy has been removed, the metals are left
work-hardened, whereas equivalent thermal deformations leave the metal

permanently softer (annealed).

To further increase the ultrasonic energy beyond the optimal condition, the
probability of cratering will increase. This is because the metal mass flow
is equal in all directions, stacking faults in Si occur perpendicular to the
direction of the ultrasonic bonding tool motion (pulse direction). However,

too low an ultrasonic energy does not result in a weld because there is not
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enough energy for interdiffusion. Hence, finding an optimum ultrasonic

energy necessary for a good wire bonding is necessary and important.

1.6.2 Bonding force

Bonding force can be divided into impact force and static force. Impact
force occurs when a bonding tool hits the bonding pad. Static force is
exerted to press the bonding tool against the bonding pad to ensure
intimate contact between the wire and the bond pad. It deforms the
softened wire against the softened bonding pad, sweeping aside brittle

surface oxides and contaminants, leaving clean surfaces in contact.

In general, too high or too low a static bonding force can result in cratering.
High'bonding force implies that there is excessive interfacial scrubbings
during some portion of the bonding cycle which results in cratering and

poor bonding [3].
1.6.3 Bonding time
Bonding time indicates the duration of a burst of ultrasonic energy during

which bonding is formed. In general, if the bonding time is decreased,

increasing ultrasonic energy will be required to produce a reliable weld,
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and the probability of cratering will increase. Hence, the optimal period of

bonding time is related to the power of the ultrasonic energy [3].
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1.7 Objectives of the thesis

The main objective of the present project is to install a piezoelectric sensor
on the bonding transducer in order to detect the acoustic signals
generated during the ultrasonic wire bonding. These signals can be
separated into two parts: low frequency and high frequency signals. Low
frequency signals represent the mechanical vibrations of the ultrasonic
transducer. High frequency signals represent the ultrasonic energy
produced by the piezoelectric driver of the ultrasonic transducer. Different
electrode patterns of the sensors are also studied. Sensor with the most
suitable electrode pattern is calibrated and the signals measured by the

sensor will be used to monitor and differentiate the bond quality.
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1.8 Motivation

In-process bond quality monitoring is an important technology for the
microelectronics industry. There are considerable research studies about
using different methodologies to achieve real-time bond guality monitoring.
Some of these methods have been published and others patented [8-14].
Most of the papers and patents suggested that monitoring can be
achieved by measuring an electrical parameter either from the ultrasonic
power supply, or from the transducer’s impedance, or from the amount of

ultrasonic energy passing through the package, etc.

McBrearty et al [17,18] describes a successful missing wire detector for
automatic bonding machines. The proposed method based on an in-

process measurment of a bonding frequency shift which is characteristic of

acceptable wire bonds.

J. L. Landes et al [19] describes a monitoring method for optimizing the
ultrasonic bonding of materials by analyzing the impedance of the

ultrasonic bonding transducer.

M. J. Hight et al [20] describes an apparatus for non-destructively

monitoring the bonding quality of an ultrasonic bonding system by
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comparing the vibration amplitude of the bonding tool in a freely vibrating

(i.e. no load} condition and during the bonding operation.

K.Ulrich von Raben et af [21-23] and R.Pufall [24] described a method for
monitoring the bonding parameters by using piezoelectric sensor to
measure ultrasonic amplitude and by using piezoresistive sensor to

monitor the bonding force.

In the literature, most research studies involve using two separate sensors
for monitoring the bonding parameters. In this project, we try to use one
piezoelectric sensor to measure the ultrasonic amplitude, impact force and

bonding time and develop a new method for monitoring important bonding

parameters that affect the bond quality.
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Chapter 2
Characteristics of an ultrasonic wedge
transducer for wire bonding

2.1 Introduction

The ultrasonic transducer is the heart of a wire-bonding machine. A
quality, stable, well-designed transducer is essential for providing effective
wire bondings. In this chapter, the characteristics of an ultrasonic

transducer and the principles of ultrasonic wire bonding are described.

2.2 Electrical characteristic of an ultrasonic transducer

for wire bonding

The experimental setup shown in fig. 2.1 was used to measure the
electrical characteristic of the ultrasonic transducer. The transducer was
suspended on two strings to enable it to vibrate freely. The transducer is
quite sensitive to the clamping conditions. In order to reduce the noise of
the transducer, the best method is using two strings to suspend the
transducer. Then, the spectra of electrical impedance and phase angle as

functions of frequency were measured by a HP 4194A impedance/gain
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phase analyzer and results were recorded by a computer. To simulate the

actual bonding condition, another measurement is carried out with the

transducer clamped in the bracket.

The spectra in ﬁg. 2.2 show the electrical impedance and phase angle as
functions of frequency for a freely vibrating transducer from 50 kHz to 100
kHz. The strongest minimum electrical impedance was found at 63 kHz.
Fig. 2.3 is the profile after the transducer was clamped in the bracket and
the strongest minimum electrical impedance shifted slightly to 62.5 kHz
which agreed with the acceptable range of 62.1 kHz to 63 kHz suggested
by the supplier. It shows that clamping the transducer will lower the

transducer resonance.

HP 4194A
Impedance/Gain Phase Analyzer

DN e——

Low-frequency Ultrasonic Transducer

Fig. 2.1 The experimental setup for measuring electrical characteristic of

the transducer.
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Fig. 2.2 The spectra of electrical impedance and phase angle against

frequency of a freely vibrating ultrasonic transducer.
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Fig. 2.3 The spectra of electrical impedance and phase angle as functions

of frequency of a clamped ultrasonic transducer.
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2.3 Principle of a wedge transducer

A 70-PTL Uthe ultrasonic wedge transducer (fig. 1.4) comprises a
piezoelectric driver, a concentrator horn and a bonding too! which is

secured by a screw. The individual parts can be discussed separately.

2.3.1 The piezoelectric driver

A piezoelectric driver provides a driving force to the ultrasonic transducer.
It converts electrical energy into mechanical vibrations. The Langevin
transducer [25,26] has a half-wave resonant length. Configuration of the
piezoelectric driver includes two identical metal plates (stainless steel) with
four piezoelectric ring elements (PZT) in between them and they are
bolted together by a screw as shown in fig. 2.4. The piezoelectric rings are
polarized in opposite directions and separated by electrodes (beryllium
copper). The rings are connected electrically in parallel but mechanically in
series. The coupling between the piezoelectric rings with the front metal
section is achieved by mechanically prestressing the assembly in the axial

direction by means of a bolt.
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Fig. 2.4 The geometrical structure of a piezoelectric driver. (a) the solid

body and (b) the layout of a piezoelectric driver. A represents the

screw for pre-stressing; B represents the back metal plate

(stainless steel); C represents the piezoelectric ceramic rings

(PZT); D represents the electrode sheets (beryllium copper}), E

represents the front metal plate (stainless steel) and F represents

the screw of the front metal plate.
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Fig. 2.5 Three possible fundamental vibration modes of a ceramic ring. (a)
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@

Undeformed ring; (b) thickness mode; (c) radial mode and (d)

wall-thickness mode.

A piezoelectric ring has three possible fundamental modes of vibration [27]
(fig. 2.5); a thickness mode that is determined by the ring thickness (k); a
radial mode that is determined by the mean diameter of the ring (r;) and a

wall-thickness mode that is determined by the wall-thickness of the ring

(Wr).

Thickness vibration mode in a poled ring results in a variation of its
thickness, the ring becomes longer and shorter (t, + &t). In a radial
vibration mode, the ring becomes larger and smaller (r, £ &r;). In a wall-

thickness vibration mode, wall thickness of the ring becomes thicker and
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thinner (w, £ w;). The resonance frequencies of the three vibration modes

can be found from the following equations [28]:

1

Thickness mode f=——
2t p,5h (2.1)

Radial mode e_ L
fr= = (2.2)

A P50
Wall-thickness mode I% __ (2.3)

2w, 0,5/,

where f' is the fundamental thickness resonance frequency which is given
by the lowest anti-resonant frequency of thickness mode; f* and f,.° are
the fundamental radial and wall-thickness resonance frequencies which
are given by the lowest (series) resonant frequencies of the radial and wall
thickness modes, respectively. s33° is the piezoelectric elastic compliance
at constant electric displacement in the thickness (3-) direction. s11F is the
piezoelectric elastic compliance at constant electric field in the radial (1-)
direction. p, is the density of the ring. r, =(fouter*Minner)/2 is the mean
diameter of the ring. rouer and finner @re the outer and inner diameters of the

ring. wWr=( fouter - Minner)/2 is the wall-thickness of the ring.

The spectra of electrical impedance and phase angle against frequency of
the Uthe piezoelectric ring is shown in fig. 2.6. There are three resonant

peaks at 130.8 kHz, 460.9 kHz and 881.3 kHz and three anti-resonant
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peaks at 137.9 kHz, 498.9 kHz and 914.5 kHz. They represents the radial

mode, wall-thickness mode and thickness mode, respectively.

—
=
T

N ——TY)
Al 'Y ~ T
, .

)

—
o
o
~

Impedance (Ohm

Radial mode Wall-thickness mode Thickness mode |

‘..lk...l...,l....l..,.l..i.t....JU.Al,.J.x.‘.J -
150100 200 300 400 500 600 700 800 90 1k150

Frequency (kHz)

Fig. 2.6 The electrical impedance and phase angle against frequency of a
typical Uthe PZT ring used in fabricating the piezoelectric driver.
The dimensions of the ring are t,=2.3 mm, r.= 8.9 mm and w,=3.9

mm.

Chiu Siu San 30



CH2

THE HONG KONG
Q POLYTECHNIC UNIVERSITY

Rc 1Zstan (kolo/2) jZotan (Kolo/2) Rc
H L
iZptan Kols Zo
' jsin kolo
-ICT 1n Ithan Kqlf
11
Come é
1
Back m:etal Piezoelectric ‘Front metal
ceramic rings
plate plate

Fig. 2.7 The equivalent circuit of a piezoelectric driver [29-33]. Zo, Z, and Z;
are the impedance. ky, ki and k, are the wave numbers. Cy is the

clamped capacitance. n is the transformation ratio. R is the

contact loss.

The equivalent circuit of the piezoelectric driver is given in fig. 2.7 [29-33].
The T-circuit represents the PZT rings. The other two resistors represent
the front and back metal plates, respectively. The electrode sheets, the
screw of the plate and the pre-stressed screw are ignored in this circuit.

The parameters in the figure are defined as follows:

Zu=(pC)o A (2.4)
Zi=(pck Ar (25
Z5=(pClo Ao (2.6)
Ko=m» ICp, , {2.7)

31
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ol (2.8)
= /6o (2.9)

When the transducer is operated without a load, the mechanical

impedance Z, of the ultrasonic transducer can be represented by [29].

ZH! = Rl’ﬂ + j/YDI (2'10)

where R, and X, are the equivalent mechanicai resistance and reactance.

ZgR, /sin® (k1)) . QH(H? -WW,)+ H(W, +W,)

" RI+4ZEcot) (kyly) 4H + (W, + W) @1
== Mo cotthol)/sin’ Ghaly) (¥, + W, )(H < 7F,) 2.12)
R} +4Z; cot®(kyl,) dH "+ (W + )"
W, =G+Z, tan(k,!l,) (2.13)
W,=G+Z, tanlk ) (2.14)

3 2 L
ey 2ZaR st (k) 215

CURY 477 cot’ (kyl,)

Z R =42 cotlkyl,yanth,/, : 21/ sinthyd,)

ARLT (2.16)
RD +4Z; cot™{kyly)

G=2Z,tan{k,/,/2)-

Where Zy, Zy and Z: are the impedance, R is the contacting loss caused
by bonding at interfaces,.m is the angular frequency, ke, krand k, are the

wave number. Ay, Arand A, are the cross-sectional areas, ¢, ¢r and ¢, are
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the longitudinal mode velocities of sound in materials. lp, |; and I, are the

length of back section, front section and ceramic rings section.

When the transducer is at its mechanical resonance, its equivalent
mechanical reactance can be ignored, i.e. Xn=0. Substituting the
parameters of the Uthe 70-PTL piezoelectric driver in egs. (2.11) to (2.16),
it is found that the contact loss is relatively small and can be ignored.

Thus, egs. (2.11) to (2.16) can be simplified as follows [32]:

Rn’.‘l = 0 (2. 77)
X+ Xy
Z[1+(——)cotk,l, ——]
oo 0 vz (2.18)
m r . [
W, + W, 2tan(/‘i°)+x+’v
b0 2 Z, (2.19)
2.20
G =2, tan{k,l,), ( )
Where y = Zitan(kqy), (2.21)
X = Zp tan(kply),

When the transducer is at its mechanical resonance, Xn=0, eq (2.18)

becomes zero and gives the following eq.

" 7/\—) k4, Fan” (‘_-_\;“") =7 (2.23)

Z,
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Eq (2.23) is the frequency equation of the piezoelectric sandwich
transducer. The first, second and third terms in eq. (2.23) represent the
front section, the piezoelectric ring elements and the back section of the
sandwich transducer, respectively. As the total length of the driver is equal
to half a wavelength, the total phase length of the driver is equal to n. The
phase length of front and back metal section and piezoelectric rings of the

Uthe piezoelectric driver is 0.25r, 0.22n and 0.21m, respectively. (fig. 2.8)
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Fig. 2.8 Relation between phase length (kl) and tan*(Z,- tan(kjly)/Zo)/7. The
subscript | either front (f) or back (b) metal section or the
piezoelectric rings (o). The piezoelectric elements are assumed to
be made of PZT —4, the materials of the front and back sections
are 347 stainless steel (Appendix B). Any point on one of the
curves represents a kind of transducer with an impedance ratio K

(=2/Z,). Curve with K=1.297 respresents the Uthe 70-PTL

piezoelectric driver.
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2.3.2 The concentrator horn

The piezoelectric driver produces vibration ampiitude which is too low for

practical applications. It is a common practice to amplify the mechanical

motion by means of a concentrator horn. Some of the popular choices are

stepped, conical and exponential horns.

Main functions of the concentrater horn are the following:

(1) To amplify the dispiacement or particle velocity of the ultrasonic

transducer.

(2) To provide a more suitable impedance matching between the

ultrasonic transducer and the load to which it is coupled to.

(3) To resonate at the same frequency as the driving ultrasonic

transducer.

The geometrical structure of the exponential concentrator horn with a

cylindrical coupler on one end from a 70-PTL Uthe transducer is shown in

fig. 2.9.

Using the wave equations for one-dimensional elastic solid in the x-

direction [34]:

(2.24)
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The solution of the above equation is [32-33]:
In the cylindrical coupler:
u, =a, cos(k,x) + b, sin(k, x) (2.25)
In the exponential horn:
u, =e“|[a, cos(k,x) + b, sin(k,x)] (2.26)
a=Inl/ Lz (2.27)
ko=(k%-a?)""? (2.28)

where u4, u; are the longitudinal displacement in the x-direction; a4, az, by
and b, are arbitrary constants; ki, kz are the wave numbers; o is a
constant; { is the ratio of the radius of large end to that of small end of the

exponential part.

Let the length of the cylindrical coupler be L and the length of exponential
horn be Ly, and the intersection of the cylindrical and exponential parts be
x=0

At X=-L1, U=, EA1E1=-F|,

a,cosk L —b, sink L, = u, (2.29)

Ek A (a sink L, +b cosk L )=-F, (2.30)
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where E is the Young's modulus; €1 and ¢ are the stain; F is the force and
A is the cross-sectional area. The subscripts 1, 2 represent the cylindrical

coupler and the exponential horn, respectively.

At x=0, ui=u, and stress Eg1=Es, (continuity of displacement and stress)

a, = a, (2.31)
kb, = aa, + k,b, (2.32)

At x = Lp, U=U,, Ee2=0, (free end condition)

e™ (a,cosk,L, +b,sink,L,)=u, (2.33)
o a .

(k—a2 +b,)cosk,L, + (7(-—1!32 —-a,)sink,L, =0 (2.34)
2 2

Solving (2.24) to (2.34), the coefficients a;, a;, by and b, are given as

follow:
a, =u; —/-\—'—=a2
‘T
A
b, =u, Tz {2.35)
kA, —ah,
2 i k2[_'
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a .
where A, =cosk,L, +k—smk2L2;
2

k.
A, =-k—'smk,,_1[,3 (2.36)

2

C'=A,cosk L —A,sink L,

At resonance, assumes F=0 in eq. (2.30) and then substituting (2.35), the

frequency equation of the horn is

tankz, =-22o___ Kila
VA, InR+k,L, cotk,L,

(2.37)

where  kyL, =\(k,L,)* —In* R

The equations of the particle displacement can be found by substituting eq
(2.35) into (2.25) and (2.26).
Cylindrical coupler:

", :%(A,cosklx+1\2sink2x) (2.38)

Exponential horn:

ue” A, —al
(A, cosk,x + —2

u, = Lsink,x) (2.39)
By differentiating eqs.(2.38) and (2.39) with respective to x and multiplying
by the Young's modulus E, the stress equations can be found.

Cylindrical coupler:

_ Bk, (2.40)

L{=A,sink,x + A, cosk x)
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Exponential horn:

Eu.e® kA, - ah kA, - ah
L @A, cosk,x + -2 sink,x) + ky(=A, sink,x + ==L~ cosk, )

r k, )

g, =

(2.41)

The absolute value of the ratio of output and input displacement is defined
as the displacement magnification factor MF. It is obtained by substituting

eq (2.35) into (2.29).

cosk,L,+Ind— "+

22

(2.42)
MF = 2| = 'E
u,| I
At resonance, the magnification factor is
_lg B g cosk,L, '
(MF)res - A Cos lel - sin k2L2 ’ (243)

inserting all the parameters for the transducer under study and the
transducer is assumed to be made of aluminum alloy 606176,

magnification factor is equal to 3.
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Fig. 2.9 The geometrical structure of a Uthe concentrator horn. (a) a solid
body. (b) the layout of the horn. A represents the part for
connecting the piezoelectric driver. B represents the barrel for
clamping the transducer to the bracket. C represents the
concentrator horn. D represents a flat surface cut on both sides of
the horn. E represents the wire feed hole at 80", F represents the
wire feed hole at 30". G represents the bonding tool hole and H

represents the small screw for clamping the bonding tool.
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Chapter 3
Selection of sensor material and its location

3.1 Introduction

Sensor works as a transducer that converts one form of energy carrying
relevant information into another form which can be processed or
interrogated. The six major categories of energy involved in sensing
processes are — chemical, electrical, magnetic, mechanical, radiation and
thermal energies. In this work, piezoelectric sensors which can convert

mechanical to electrical energy and vice versa are studied.

Piezoelectric materials come in the forms of single crystal, ceramics,
composites and polymers. They can be used as sensors, actuators,
accelerometers, etc. To choose a suitable material as the sensing element
and to find an optimum location for sensor placement in the wire bonding

transducer are discussed in this chapter.
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3.2 Sensor location

To choose a proper sensor location, some guidelines are needed. The
sensor attaches at the chosen location should (1) produce a large enough
output signals; (2) be sensitive to the mechanical change of the

transducer; (3) reflect the mechanism of the bonding process.

In this work, the sensor is placed between the piezoelectric driver and the
horn concentrator. As the piezoelectric diver is half wavelength long at the
frequency of operation (62.5 kHz). the interface between the piezoelectric
driver and the concentrator horn is an antinode which has a maximum

axial displacement. The merits of this location are as follows:

(1) Since the sensor is inserted at the antinode of the transducer, it
experiences a maximum axial ultrasonic displacement and produces
a large output signal reflecting the effectiveness of the ultrasonic

energy transmission.

(2) The sensor becomes an integral part of the transducer, forming part
of the transmission path for the ultrasonic signals to reach the
concentrator horn. Also, the bending force of the concentrator horn

causes compression to part of the sensor and gives information about

the bonding force;
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(3) It generates signals related to the electrical and mechanical changes

during the bonding process.
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3.3 Sensor materials

All piezoelectric materials have a non-centrosymmetric crystal lattice and
exhibit a piez_oelectric effect (Appendix A). Materials that satisfy this
criterion include ‘polycrystalline ceramics such as lead zirconate titanate
(PZT), piezoelectric ceramic/polymer composite and piezoelectric

polymers such as polyvinylidene fluoride (PVDF).

Ceramics are compounds between metallic and non-metallic elements.
These materials are typically insulative to the passage of electricity and
heat, and more resistant to high temperature and harsh environments than
metals and polymers. With regards to mechanical behavior, ceramics are
hard but very brittle. Lead zirconate titanate —Pb{Ti1«Zrx)O;—PZT is one
of the piezoelectric ceramics that can be used for sensing applications,
and it has a perovskite structure. Above the Curie temperature, it has a
cubic structure. Below the Curie temperature, it has a tetragonal structure.
By varying the composition , the Curie temperature and the relative
permittivity can be modified. In addition, by adding impurities (doping) , the

properties of PZT can be modified considerably [36-38].

Kawai [39] discovered that polyvinylidene fluoride (PVDF) has

piezoelectric activity which is several times larger than that in quartz.

PVDF is a polymer, (—CH>—CF>—),, that has a crystallinity of 40 — 50%.
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The PVDF crystal is polymorphic and the two most common forms are
designated as o and B forms. Form B is polar and piezoelectric. High
piezoelectric response is associated with the polar B form in which the
hydrogen and fluorine atoms are arranged to give a maximum dipole
moment per unit cell. The dipole moments of the crystallites are randomly
oriented with respect to each other before the sampfe is electrically
polarized. The piezoelectric polymer used in the present study is supplied
in the form of a thin film by Atochem in U.S.A. It is flexible and has large
compliance. This feature makes it suitable for a wide range of applications
such as headphones, speakers, sensors, etc. The performance of these
materials greatly depends on the thermal treatment and poling conditions.
Besides, The main features of PVDF and its copolymer with TrFE, P(VDF-
TrFE) are that they are both pyroelectric and piezoelectric, and they have
high dielectric permittivity compared to other polymers due to their polar

nature [40].

Piezoelectric ceramics/polymer composites are biphasic materials having
a desirable combination of the best properties of the constituent phases.
Usually, one phase (the matrix) is continuous and coirnpletely surrounds
the other (the dispersed phase). 0-3 composite is the simplest type of
connectivity patterns. It consists of piezoelectric ceramic particles
dispersed in a 3-dimensionally connected polymer matrix. One of the

features of (-3 composites is their versatility in assuming a variety of
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forms, including thin sheets, moided shapes, extruded bars and fibers.
Most 0-3 composites studies previously were made of piezoelectric
ceramic and non-piezoelectric polymer matrix. In this study, a piezoelectric
ceramic/piezoelectric polymer PZT/P(VDF-TrFE) 0-3 composite is used as

the sensor [40].

There are three kinds of piezoelectric materials being evaluated as
possible sensor materials— PZT, PZT/P(VDF-TrFE) 0-3 composites and

PVDF. Their material properties are given in Appendix B.
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3.4 Tightening torque measurement

In order to install the sensor at the prescribed location. Care must be taken
to ensure that the transducer performance will not be affected by the
presence of the sensor, and the torque t used to tighten the screw
becomes very crucial. in this work, a 70-PTL ultrasonic wedge transducer
made by Uthe Techology Inc., a HP 4194A impedance/gain phase
analyzer, a computer and a Tohnichi Inc. 12 RTD torque driver were used
to evaluate how the tightening torgue =t affects the transducer

performance. The setup is similar to that shown in fig. 2.1.

The sensor is a ring-shaped piezoelectric material. The outer and inner
diameter is @ mm and 5 mm, respectively. Three different materials, PZT,
PZT/P(VDF-TrFE) 0-3 composite {with 50 volume fraction of PZT) and
PVDF are used, their thickness are 0.8 mm, 0.3 mm and 0.1 mm,
respectively. The sensor is sandwiched between the driver and the

concentrator horn.

By varying the tightening torque applied to the transducer, in steps of 0.05
N-m, the spectra of electrical impedance Z and phase angle 6 as functions
of frequency can be measured by the analyzer. The data is then

transferred to the computer for recording and further analysis. From the Z
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and 9 vs f spectra, the strongest minimum electrical impedance of the
transducer is found and this corresponds to its resonant frequency fr.
Values of fg, the electrical impedance Zg and phase angle 6r at fr are

recorded as functions of the tightening torque and shown in fig. 3.2 & 3.3.

The mechanical quality factor Q of the transducer is foimd by using an
equivalent circuit as shown in fig. 3.1.The HP 4194A analyzer has an
equivalent circuit option that can be used to simulate the ultrasonic
transducer. When an equivalent circuit as shown in fig. 3.1is identified, the
analyzer can give values of L, R, C; and Gy that provides the best
simulation, hence Q can be calculated using eq (3.1). Then, the tightening

torque is increased in steps of 0.05 until 1.2 Nem is reached.

_24L (3.1)
0= R

where Q is mechanical quality factor; fr is the resonance frequency; L and

R are inductance and resistance of the equivalent circuit, respectively.

L Ca R

Fig. 3.1 An equivalent circuit of the ultrasonic transducer. L is inductance,

R is resistance. C, and Cy are the capacitance.
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Fig. 3.2 and fig. 3.3 show the results of the tightening torque experiments.
It is found that the bonding tool can affect the characteristic of the
transducer. After attaching the bonding tool to the transducer, the electrical
impedance is 5% higher than that of the transducer without the bonding
tool and the résbnance frequency (frequency of minimum impedance)
shifts from 62.6 kHz to a high frequency range (63.8 kHz).‘However, the Q

factor and the phase of them are relatively unaffected.

After inserting the piezoelectric material between the driver and horn, the
characteristic of the transducer has also changed. However, it is still in an
acceptable range. (The resonance frequency range is 62.1-63 kHz and the

electrical impedance is 14-23 ohm).

The acoustic impedance (Z, = density x velocity of sound) matching is an
important factor that affect the transducer electrical impedance. As the
sandwich driver is made of ceramic that has acoustic impedance closed to
that of PZT, the electrical impedance of the transducer with a PZT sensor
has value closest to the original transducer than that of the transducer with
composite and PVDF sensor as shown in fig. 3.2a. When the applied
torque is less than 0.15 N+m, the contact between the piezoelectric driver
and the concentrator horn is poor due to the screw between them being

loose which results in a fluctuation of the electrical impedance.
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Fig. 3.2b shows values of the resonance frequency against the tightening
torque, the curve of the transducer with a PVDF sensor is closest to that of
the original one which may be owing to the difference in thickness of the
sensor elements. Being the thinnest, the PVDF causes least shift in the
resonant frequénby and results in less changes in the characteristic of the
transducer. The fluctuation of phase angle for different sensor materials in

fig. 3.3d is due to background noise.

It is found that when the applied tightening torque varies from 0.05 to 0.3
Nem_the resonance frequency, electrical impedance and Q factor are
rather unstable. The piezoelectric driver and the concentrator horn are in
poor contact due to the screw between them being loose and poor
coupling occurs during energy transmission from the driver to the sensor.
In addition, the spectra of the electrical impedance and phase angle
against different frequencies shows a clear and pure resonance peaks at a
tightening torque of 0.7 N'm (fig. 3.4b). If the torque is less than 0.7 Nem,
the resonance peaks are not sharp (fig. 3.4a). Above 0.7 N'm, the
impedance and phase spectra are similar to the spectra of at 0.7 N*m of
torque (fig. 3.4c). Therefore, the minimum torque for tightening the driver

and solid horn is about 0.7 Nem.

When choosing a proper sensor material, besides considering the

electrical properties, other criteria such as the mechanical properties are
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also important. At the location of the sensor placement, the sensor needs
to tolerate a high compression force, the ceramic is not suitable because it
is easy to break when the thickness is thin. The fabrication of composite is
relatively more complicated than that of PVYDF which will raise the cost of

the sensor. So, a PVDF sensor is chosen as the sensor material for

subsequent study.
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3.5 Effect of electrode pattern on received signals

Prepoled PVDF film (0.1 mm thick, from Atochem, U.S.A.) covered with
aluminum electrodes on both sides were used in the sensor fabrication.
" NaOH was used to etch away the undesired electrode area and the
configurations of the sensors are shown in fig. 3.5. Electrical wires were
connected to the sensors by silver epoxy. Then, epoxy was used to

insulate the joints and to fix the electrical wire.

There are five electrode patterns on the PVDF sensors as shown in fig.
3.6. The gray area represents the electroded part while the white area
represents non-electroded areas. A-type electrode pattern is a ring shape
that covered the entire sensor surface. A cross-shaped electrode pattern is
the B-type. C-type pattern has a butterfly shape. D-type is quite similar to
the B-type electrode pattern, but its inner perimeter has no electrode. E-
type electrode pattern uses the left and right hand electrode patterns
similar to the B-type but with the top and bottom electrodes similar to the
D-type. The B, C, D and E type electrode patterns have four regions- top,
bottom, left and right. Each of them detects the changes in mechanical

stress in the four different regions of the ultrasonic transducer.
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4—— Electrical
wire
Silver epoxy

Adhesion
insulator

Aluminum —p—
PVDF —pf:

Fig. 3.5 A schematic diagram of the sensor.

(A) (B) (C)

Electrode

:I Non- electrode

(D) ()

Fig.3.6 Five different types of electrode patterns of the sensors. (A) a ring
shape electrode (B) a cross shape electrode (C) a butterfly-like
electrode (D) an outer-cross shape electrode and (E) symmetric

cross shape electrode.
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3.5.1 Sensor output during wire bonding

Experimental setup to evaluate the sensors with different electrode
patterns is shown in fig. 3.7. The piezoelectric sensor and an insulator
situated between the piezoelectric driver and the concentrator horn is
affixed to a 70-PTL ultrasonic wedge transducer using a 0.7 Nm
tightening torque. The transducer is then fixed to the bracket of the bonder
by clamping at the barrel. The output signal is amplified and filtered by a
SR 560 preamplifier and then fed to a HP 54522A digital oscilloscope. The
output signal from the sensor is also fed directly to the oscilloscope.
Appropriate filtering is used to remove the noises. The filter is set at a cut-

off frequency of 100 Hz with a gain of 10.

FEFARTH SYSTEMS  MONEL, SRSED EEE
D:‘.":?:‘?c- = D Eg
R g
=== H

© \© O'5

Transducer with
vest v To trigger the CRO

sensor mounted in Using a thin
the bonder for in-situ @ «— paperasan
measurements Sy [ Insulator.
. . i
m)mmﬂﬁm—-—l

Fig.3.7 The experimental setup.
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3.5.2 Results and discussions

Figs. (3.8 - 3.12) show the signals captured by different sections in

different types of electrode patterns.

(a) With a bonding wire

00—

200 |

100 |

Voltage (mV)

-100 |

-200 |

=300 : P PR PR B { PN I S I R T R
-10 0 10 .20 30 40 50
Time (ms)
- (b) Without a bonding wire
2005— ]

100 |

- Voltage (mV}
O

100 |

-200 F

'300 L L . n L 1 1 i i " n " L i L n " 1 " " L i " I
-10 0 10 20 30 40 50

Time (ms)
Fig. 3.8 Signals captured by a sensor with an A-type electrode pattern

when the transducer is operated (a) with a bonding wire and (b)
without a bonding wire and background noises are filtered with

Artype electrode a low frequency cutoff at 100 Hz. The ampilification factor is 10.

attern
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Type A electrode pattern

Fig. 3.8 shows the signals captured by a sensor with a ring electrode
pattern (fig. 3.6a). When the bonding tool touches down on the bonding
pad (at time ~ -5 ms), impact force signal is observed. However, amplitude
of the impact fdrce signal is not very sharp. This is because the output
signal is a sum of signals from various part of the whole ring electrode and
partial cancellation occurs which results in a weak output impact force
signal. So, this kind of electrode pattern is not suitable for detecting the
impact force. However, using type A electrode pattern can give good

ultrasonic signals and signals from a transducer with or without a bonding

wire are distinctly different.

With a bonding wire, the front part of the signal is larger and it decreases
sharply to a constant level. When the wire is missing, the forefront part of
the uItrasohic profite is sharp and small. Then, the signal amplitude
increases slightly. Microscopically, there are three phases in the ultrasonic
wire bonding process. They are the cleansing phase, mixing phase and
diffusion phase, respectively. With a bonding wire present, the wire will go
though these three phases and absorb the energy whether the bond
quality is good or not. However, the energy will be loss in the missing wire
condition and resulting in the forefront part of the ultrasonic amplitude

being sharp and small. The cleansing phase and mixing phase occur in

Chiu Siu San 60



Qb THE HONG KONG CH3
Q POLYTECHNIC UNIVERSITY
time between 10 ms to 25 ms, the steady level of the ultrasonic amplitude

represents the diffusion phase.

As the bonding tool of the transducer touches down or lifts off from the
bonding pad, the concentrator horn of the transducer experiences bending
force which is more pronounced in the upped and bottom part of the hom.
When the top part of the horn is compressed during touch down, the lower
part is extended and the opposite happens during lift off. Hence, dividing
the sensor into four sections ehables the sensor to detect different signals.
The top and the bottom parts collect the impact force information while the
left and right sections capture the ultrasonic signals. To facilitate
description, we use part a to represent the top and bottom sections of the
sensors which are aligned in a direction parallel to the bonding tool (for
force detection) and part § to represent the left and right sides of the
sensor which are position horizontally and are perpendicular to the

bonding tool (for ultrasonic signai detection).
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Fig. 3.9 Signals captured by a sensor with a B-type electrode pattern
when the transducer is operated (a) with a bonding wire
and (b) without a bonding wire and the background noises

B-type electrode are filtered. The amplification factor is 10.
pattern
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Type B electrode pattern

Fig. 3.9 represents the output signals detected from a sensor with a type B
electrode pattern (Fig. 3.6b). It indicates that part B of the sensor can give
good ultrasonic signal, which can be used to distinguish whether the
transducer has a Wire or not. However, force signals from part a are not
very satisfactory in indicating the changing of the wiring conditions. For
impact force detection, part o is better than the B. The vibration signals
detected by part a overlap with the uitrasonic signals, and amplitude

modulation occurs.

After the bond is formed, the transducer lifts off, and it vibrates again in the
up and down directions. In fig. 3.9 (ai,ii) and (bi,ii), impact force occur at a
bonding time tg ~ -5 ms, the ultrasonic power is applied at tg ~ 10 ms, for

a duration of 34 ms, the bond is formed and the transducer lifts up and the
vertical vibration of the transducer is detected again by part a of the

sSensor. -
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Fig. 3.10 Signals captured by a sensor with a C-type electrode
pattern when the transducer is operated (a) with a bonding

wire and (b) without a bonding wire and the background

noises are filtered. The amplification factor is 10.
C-type electrode
pattern
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Type C electrode pattern
Fig. 3.6¢ shows that in the type C electrode pattern the shapes of part a is

similar to that in type B pattern (fig. 3.6b) and the sensor output from part
o (fig. 3.10) is also quite similar to that shown in fig. 3.9 (i &ii). However,
part § in a type -C electrode pattern is wing-shaped and covers larger
areas. Due to averaging, the result is less sensitive to the change in wiring
condition when compared to output from part g of type B electrode. (Fig.
3.9 iii & iv). A larger electrode area in part B gives a smaller change in the

ultrasonic profile. Although the profile of the signal is not very clear, time

for the bonding sequence can still be found which matches the previously

discussed results.
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Fig. 3.11 Signals captured by a sensor with a D-type electrode
pattern when the transducer is operated (a) with a bonding

wire and (b) without a bonding wire and the background

D-type electrode Noises are filtered. The amplification factor is 10.
pattern
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Type D electrode pattern

Electrode pattern D shown in fig. 3.6d has a ring-shaped inner area that
has no electrode but is still divided into four separate sections. Figs. 3.11a
and 3.11b display signals captured when the transducer is operating with
and without a bonrding wire, respectively. Signals captured from part « (fig.
3.11 (i & ii)) show that the impact force signal from the up;per electrode is
larger than that from the lower electrode. And it is less sensitive to the
transducer vibrations. For output from part B, the right electrode also can
detect the impact force signal. Besides, the right part of the sensor is also
more sensitive to the low frequency signals than other electrode pattern
described previously. However, the change in the ultrasonic signal for

transducer with or without a bonding wire is not so clear.

On the other hand, the bonding time also matches with the previously
described results. The transducer touches down at tg ~ -5 ms, the
ultrasonic signal is generated at tg ~ 10 ms; the bonding duration is ~ 22

ms and then the transducer lifts off and moves to other bonding position.
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Fig. 3.12 Signals captured by a sensor with a E-type electrode pattern when
the transducer is operated (a) with a bonding wire and (b) without
a bonding wire and the background noises are filtered with a low

frequency cutoff at 100 Hz. The ampiification factor is 10.
E- type electrode
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Type E electrode pattern

Part o of the E type electrode pattern is the same as that in a type D
electrode, while part B is similar to that in a type B electrode. The resuits
obtained by using this type of sensor is shown in fig. 3.12. As the shape of
pai‘t o is similar to that in electrode type D, the results are quite similar.
The upper part of the sensor is more sensitive to the force signal
compared to the lower part. The profile of signals from part B is similar to
that given by part B of the B type sensor. It can aiso be used to detect the
variation in the wiring condition of the transducer. In case with the wire
missing, the forefront part of the ultrasonic profile is sharp and small (fig.
3.12b iii & iv ). Then, the signal amplitude increases slightly. For the
condition with a bonding wire, the front part of the signal is larger and it
decreases sharply to a constant level. Besides, the time sequence of the
bonding also matches to that described previously for other types of

Sensors.

Electrode pattern evaluation in this chapter shows that the shape of the
sensor electrode can influence the output signals. Comparing the results
obtained from the five kinds of electrode patterns, it is found that part a of
type D and part B of type B or E can give satisfactory force and ultrasonic
signals which can be used to distinguish whether the transducer is

operating with or without a bonding wire.
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Chapter 4
Analysis of sensor signals

4.1 Introduction

In Chapter 3, we found that sensor with type E electrode pattern is a good
choice for detecting the impact force and ultrasonic signal. it has four
electrically insulated segments. The top and bottom electrodes are
positioned symmetrically with respect to the vertical direction which is
paralle! to the bonding tool. The left and right electrodes are positioned
symmetrically | with respect to the horizontal direction which is

perpendicular to the bond'ing tool.

The two pairs of electrodes are used to sense different parameters. The
top and bottom pair is used to sense the bonding force. These electrodes
are more responsive to the bending of the transducer when the bonding
tool contacts the bonding pad because they are aligned vertically. The
horizontal positioned electrodes are used for measuring the ultrasonic

amplitude and the duration of the ultrasound burst.

The output from the electrode is fed to different kinds of filter and amplifier

in order to analyze the force and ultrasonic signals separately.

Chiu Siu San : 70



CH 4

Qb THE HONG KONG
Qb POLYTECHNIC UNIVERSITY
4.2 Low frequency signals

Low frequency signals (<1 kHz), after passing through a low-pass filter
(Model SR 650, Stanford Research Systems, INC), originate from the
mechanical vibrations of the transducer. It is a result of the designated
ultrasonic bonding process. The factors that cause mechanical vibrations
are as foliows: (1) the bending moments of the concentrator horn; (2) the

vibration produced by the switching of the contact sensor in the bond

head.
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L
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Fig. 4.1 The profile of low frequency signals captured by an upper
electrode of E type sensor with 50k sample / second sampling

rate. The record length is 32768 points. The record time is

655.36 ms.
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Fig. 4.1, shows the profile of low frequency (< 1 kHz) signals recorded
during the process of ultrasonic bonding between an IC die to the chip
carrier. The ultrasonic transducer starts to move downwards at ts ~ =13 ms
and hits the IC die at tz ~ -4 ms. In the interval between tg = —4 to 18 ms,
the oscillations represent damping of the concentrator horn. At 10 - 34 ms,
the bonding tool contacts the surface of the IC die and makes a weld.
Afterwards, the transducer lifts off and bouncing occurs from 35 — 63 ms.
At 63 ms, the large impact signal is caused by the reaction force produced
due to the switch of contact sensor is being closed and hits the bond head
surface. During tg = 90 ~ 136 ms, the transducer moves from the first bond

to the second bond location.

From t = 136 - 150 ms, the transducer starts to move downward and is
bouncing, then impacts on the surface of the package at t = 173 ms.
Afterwards, the concentrator horn of the transducer is being damping in
between 173 — 200 ms. At t = 273 ms, the wire is torn and then the
transducer lifts upward at t = 276 ms. After lift-off, the transducer returns to

its original height at t = 276 — 344 ms and damps out at t = 370 ms.

If we focus on the formation of the first bond, at t = -10 to 50 ms, and
analyze the sensor output under two bonding conditions, namely when the
transducer is operated with the bonding wire and when the transducer is

operated without the bonding wire. Other bonding parameters are kept
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constant. In this time interval, the signals mainly show the impact of the
transducer on the IC die and its damping vibrations. The uitrasonic signals

have been filtered off.

Fig. 4.2 shows. the sensor (with type E electrode) output from the four
electrode segments of the sensor under two bonding conditions. No matter
what the bonding conditions are, the signal profites from the left and right
sensors are quite similar. However, the signal amplitude when the bonding

wire is absent is larger than with the wire.

Besides, the signal amplitudes from the top and bottom sensors are higher
than that from the left and right ones. This implies that the mechanical

vibration of the concentrator horn is mainly in the vertical direction.
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Fig. 4.2 The low frequency signals captured by the four electrode

segments of E type sensor (a) with a bonding wire and (b)

without a bonding wire on a new bonding pad. The sampling

rate is 500 k sample / second with a record length of 32768

points.

Chiu Siu San

74



Qb THE HONG KONG CH4
% POLYTECHNIC UNIVERSITY
4.3 High frequency signals

Using a high-pass filter (Model SR 650, Stanford Research Systems, INC)
to filter off signals with frequencies lower than 62 kHz. High frequency
signals can be obtained from the four electrode segments of the sensor.
The output from the left sensor is given in fig. 4.3. Signals with frequency
about 62.1~ 63 kHz represent the ultrasonic energy that is produced by
the piezoelectric driver. At 10 — 34 ms and 185 - 267 ms, ultrasonic bursts

can be observed. The first and second bonds are formed in these

durations.
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Fig. 4.3 High frequency signals captured by the left electrode of E type
sensor with a bonding wire and filtered by a high pass filter with
62 kHz cut-off frequency. The ultrasonic power dial setting is 3.1.

The sampling rate is 50 k sample / seconds with a record length

of 32768 points.
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Fig. 4.4 shows two bonding conditions as described in the previous
section. The shapes of the profile are different in the two figures because
of the alteration of the boundary conditions at the tip of the bonding tool.
When the Al wire is present, it is situated between the bonding tool and the
bond pad. When the wire is missing, the bonding tool contacts the bond
pad surface directly. The ultrasonic signal has a Iarger‘initial amplitude
when the wire is present. Then, this signal decreases steadily and
becomes rather constant. This larger initial amplitude is not seen in the

missing wire condition.

Moreover, amplitudes of the sensor output from the left and right electrode
pairs are larger than that from the top and bottom electrode pair in both
bonding conditions. This is because the top and bottom electrode pair has
no electrcde near the centre and this part of the electrode is more
sensitive to the ultrasonic energy. It is noted that the A-type electrode
pattern also can give good ultrasonic signals (fig. 4.5). Hence, if we are
looking for a sensor pattern that can give good ultrasonic signal amplitude

only, the A-type electrode pattern can be used.

The fundamental resonant frequency of the ultrasonic signals is about 62.8
kHz. Using a Fast Fourier transformation (FFT) method to analyze signals
in fig. 4.4, the second and third harmonic components contained in the

signal are also found. Fig. 4.6 shows that the strongest signal is the one
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with the fundamental frequency, the second and third harmonics are much

weaker (~ -30 dB) than the fundamental.
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(a) With a bonding wire
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Fig. 4.4 High frequency signals captured by a E-type sensor with a high
pass filter (62.5 kHz cut-off frequency) under the following
bonding conditions: (a) with a bonding wire ;(b) without a bonding

wire . The ultrasonic power dial setting is 3.1.
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(a) With a bonding wire
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Fig. 4.5 High frequency signals captured by a A-type sensor with 62 kHz
cut-off frequency bhigh pass filter (a) with a bonding wire and (b)

without a bonding wire. The ultrasonic power dial setting is 3.1.
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Fig. 4.6 The FFT spectra of outputs from the four sensors (with a bonding

wire) (fig. 4.4).
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4.4 Sensor output at various power dial settings

Ultrasonic power is one of the critical parameters in an aluminum wire
bonding process. Too low an ultrasonic power will result in a bond that

does not stick, excessive ultrasonic energy will cause cratering.

The bonding parameters (such as the bonding force, bonding time) of the
bonder is kept constant except the ultrasonic power dial setting. The
power dial setting is varied from 0 to 5 and using the left electrode of E
type sensor to capture 100 signals from good bonds for each power
setting when the bonder is operated with a bonding wire. The sensor peak
to peak voltage output amplitude is the mean of 100 samples. The

evaluation of the good bond will be discussed in Chapter 6.

The amplitude of the left sensor output as a function of the ultrasonic
power supply dial setting is shown in fig. 4.7. When the ultrasonic power
setting is zero, the amplitude is zero. As the uitrasonic power setting
increases from 0.5 to 3; the sensor output also increases linearly. As the
power setting increases from 3 to 4, the sensor signal only increases
siightly probably due to more input energy has transferred to the sample.
The sensor output increases again when power increases from 4 to 5. The
power settings are given in peak-to-peak values. This graph indicates that

the optimum ultrasonic power is between 3 — 3.5 which agreed with the
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recommend values from the supplier of the transducer. In the pull tests
reported in the Chapter 6, it is also found that good quality bonds are

produced with the power settings between 3 — 3.5.
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Fig. 4.7 The variation of ultrasonic power dial setting with the absolute

value of the sensor output.
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Chapter 5
Calibration of sensors

5.1 Introduction

Calibration is the process of applying a standard or known value of an
input variable to an instrument and measure the output variable as a
function of the input variable. Once the relationship between the input and
output is calibrated, the calibration factor can be used to infer the value of
an unknown input variable in other measurements. If the instrument can
be characterized by a linear input/output relationship, the slope of this line

is called its sensitivity and carries with it the units of the output signal /

input signal.

In this chapter, methods for calibrating force measured by the sensor are
presented. The first method is to use a back-to-back calibration by
substitution to find the sensitivity of the sensor. Two sensors are installed
in the ultrasonic wire bonder. The first sensor A is sandwiched between
the piezoelectric driver and the concentrator horn and the second sensor B
is embedded in the workchunk underneath the package. By a comparative

method, the relationship between outputs from sensor A and sensor B can
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be found. Sensitivities of the top and bottom electrode pair of sensor A to

impact force are obtained.
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5.2 Back-to-back calibration by substitution

5.2.1 Methodology

Using a traditional back-to-back calibration [41], sensor B is taken out from
the workchunk and mounted back-to-back with a Bruel & Kjzer type 8305
working standard accelerometer. The input acceleration provided by a
Briel & Kjeer type 4809 shaker to sensor B and the standard
accelerometer is identical. Consequently, the ratio of their sensitivities is

simply the ratio of their output voltages.

The accuracy obtained with the back-to-back calibration method is

improved by using the substitution technique, which is shown in fig. 5.1

i Ha(f)
4=
A
50 Ha(h
S} Hu(O
g‘ : -
of
a
To— ;
) Ha (1}

Fig. 5.1 The principle of back-to-back calibration by a substitution method.
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Calibration by substitution involves making two back-to-back
measurements. Initially, the transfer function’ between the working
standard accelerometer and a Briiel & Kjzer type 4371 standard reference
accelerometer is measured and stored. Then, the transfer function

between the sensor and the working standard is measured and stored.

During the two measurements, the working standard accelerometer
remains fixed to the shaker head, while the standard reference
accelerometer and sensor B are subsequently mounted. The sensitivity of

sensor B is then calculated as follows:

S.() 8. () _H. ()

S.(f) S H.(NH (5.1)
or sines (n+H (f),
L) =S5.0f) H (/) (5.2)

where S(f), S(f) and S\(f) are the sensitivities of the sensor, the standard
reference accelerometer and the working standard accelerometer.
Hy(f) is the transfer function between the sensor and the working

standard accelerometer.

“Transfer functions — The key mathematical elements in a block diagram denoting the
transformation of input to output for that block. Transfer functions

are usually Laplace or Fourier transforms of linear differential

equations relating inputs and outputs [42].
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H{f) is the transfer function between the standard reference

accelerometer and the working standard accelerometer.

The ratio H,(f) / H/{f) is given by an equalized frequency response function.
This is a post-processing function of the analyzer which calculates the

complex ratio between the measured and the stored data.

Merits of a back-to-back calibration by the substitution method are the

following:

(1) It cancels the systematic errors contributed by the electronics.

(2} Only recalibrations of the standard reference accelerometer and the
precision attenuator are needed.

(3) Many mounting configurations are possible because the device under
test is mounted on an adapter plate or working standard, not directly

on the reference transducer.
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5.2.2 The setup of the calibration

Configuration of the sensor calibration is shown in fig. 5.2. The instruments
of this calibratipn system are m:anufactured by Briiel & Kjaer. The system
uses a type 4809 shaker connected to a type 2705 power amplifier. The
power amplifier is driven by the signal generator built into a type 3022
signal analyzer unit. The type 4371 standard reference accelerometer or
sensor B is mounted on top of the type 8305 working standard
accelerometer which is mounted directly onto the shaker table. The output
signals from sensor B and other accelerometer are fed separately into the

analyzer and analyzed by a computer.

Type 3022
Signal
analyzer

F 3

Computer >
Working ™~ [ <
standard L ¥
accelerometer E_; Type 4809 Bkl O
o Vibration Type 2706

exciter Power amplifier

Fig. 5.2 The structure of the sensor calibration system.
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5.2.3 The results of calibration

The transfer function H, (f) between the type 4371 standard reference
accelerometer and type 8305 working standard accelerometer and the
transfer function between sensor B and the working standard

accelerometer, H, (f} were measured.

Sensor B has been fabricated using two different kinds of piezoelectric
materials. The first sensor B1 consists of a 13x8x0.8 mm? lead zirconate
titante PZT-5H as sensor (fig. 5.3). Two pieces of 57.5x35x12.7 mm®
aluminum blocks secured by screws were used to fix and pre-stress the
sensor and formed the housing of the sensor. The sensor, including its
housing, was mounted on top of the working standard accelerometer that
was directly affixed to the shaker table. The frequency response of the

sensors and accelerometers are shown in fig. 5.4.

Fig. 5.3 The PZT-5H sensor.
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A linear frequency range of 0-3.2 kHz is used and the gain is 10 during the
calibration. In fig. 54a, the y-axis represents the acceleration of the
working staﬁdard accelerometer in a logarithm scale. Fig. 5.4a shows that
the working standard accelerometer has a constant sensitivity in the
selected frequency range. The response of it is quite flat. The value of the
accelerometer at 608 Hz is 16.5x10° m/s®. From a Fast Fourier
transformation (FFT), the frequency range of the impact force is about 400

— 800 Hz and 608 Hz is approximately the centre of the frequency range.

For the PZT-5H sensor B1, there is a peak at 2.4 kHz which is the

resonant frequency of the sensor and the Al housing. Output of sensor B1

is 10.9x10™ V at 608 Hz as shown in fig. 5.4b.

Fig. 5.4c shows the ratio between output of sensor B1 and the working
standard accelerometer. After processing, a flat curve from 0 to 1.6 kHz is
found, then the response slightly increases around 2.8 kHz and finally
drops. From this curve, the ratio is 1.08 V/(m/sz) at 608 Hz. Then, using
equation 3.3, the ratio muitipled by the sum of mass of the aluminum block
(=131.2 g} and the accelerometer (=40 g) gives the sensitivity of the

sensor. The sensitivity of PZT-5H is found to be 184 mV/N.

ml nv 1
=T X mass(inkg) )
FlinN) s
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Fig. 5.4 The frequency response curve of (a) Type 8305 working
standard accelerometer, (b) the PZT sensor and {c) (smoothed)
ratio of the voltage output from the PZT sensor and the

acceleration measured by the working standard accelerometer.
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5.2.4 Calibration of the PVDF sensor underneath the platform

A 13.8x11.5x0.11 mm® PVDF film was fabricated into a sensor B2 (fig. 5.5)
and is placed underneath the chip carrier The PVDF sensor is placed into
an aluminum housing. The housing is then mounted on top of the working
standard accelerometer for measuring of the transfer function. The mass of
the aluminum case and the standard accelerometer are 131.2 g and 40 g,

respectively.

Fig. 5.5 The PVDF sensor.

Fig. 5.6a indicates that the frequency response curve of the working
standard accelerometer is quite flat in the range of 0 to 3.2 kHz. The value
is about 29.3x10 m/s? at 608 Hz. The frequency response curve of the
PVDF sensor is shown in fig. 5.6b. From the figure, it can be observed that

there is a resonant peak at 2.4 kHz. This curve has some ripples because
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the aluminum housing is in intimate contact with the sensor set the housing

in resonance and the vibrating film. The voltage output from sensor B2 is

6.72x107° V at 608 Hz.

Fig. 5.6¢ is the ratio of the frequency response curves of the sensor to the
working standard accelerometer which is the sensitivity of the sensor. The
sensitivity of the sensor is 229 mV/{m/s?) or 39.2 mV/N at 608 Hz. It is also

found that for f > 2 kHz values of the sensitivity depend on the frequency.
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Fig. 5.6 The frequency response curves obtained with (a) type 8305
working standard accelerometer, (b) the PVDF sensor and (c) the

ratio of the sensor to the working standard accelerometer.
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5.3 Calibration by using a strain gauge

5.3.1 Methodology

The experimental setup of the second calibration method is shown in fig.
5.7. A 13x8x0.8 mm® PZT-5H sensor (sensor B1) was embedded in the
workchuck underneath the device to be bonded. The output signal of the
sensor that contains information on the impact force, the ultrasonic
amplitude and the bonding time is fed into a HP 54522A digital
oscilloscope. A 2 mm-aluminum wire strain gauge with gauge factor of 2
was also affixed to the solid horn of the ultrasonic wire-bonding transducer
and used to measure the force information during bonding. The signal
detected by the wire strain gauge is input to 2 Measurement Group, model
3800 wide range strain indicator, which is connected to another channel of
the HP 54522A oscilloscope. The oscilloscope is linked to a desktop

computer that can record, store and analyze the measurement data [43].
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5.3.2 Wire strain gauge signal

Voltage (mV)

100 150
Time (ms)

Fig. 5.8 The output signal detected by the wire strain gauge.

Fig. 5.8 shows the signal detected by the wire stain gauge for a bonded
wire. It consists of three regions — A, B and C. In region A, the dynamic
impact force F; is produced as the bonding arm touches down on the IC
die. Then the bonding arm vibrates as the result of this impact force and
after the vibration subsides, the bonding arm remains stationary and
exerts a preset constant bonding force Fs on the surface in region B. The
bonding arm lifts up from the surface in region C and the signal returns to
zero. Afterwards, the bonding arm moves to the location of second bond
in region D. In region E, F and G, they repeats the steps of region A, B and

C.
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To calibrate the strain gauge, the end of the horn was loaded with various
known dead weights and the voltage output obtained is shown in fig. 5.9
as a function of the applied force. From the slope, the sensitivity of the
strain gauge was 94 mV/N with are 1 % error for linear fit. Thus, the impact
force of first and sécond bonds are found to be about 513 mN and 463 mN

respectively, whereas the bonding force F; is about 270 mN.

200 g
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120 |
100 | -

T T T
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0 200m 400m 600m 800m 1.0 1.2 1.4
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<

Fig. 5.9 The calibration curve for the wire strain gauge. The square and
the line are the experimental data and the fitted line,

respectively.
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5.3.3 PZT sensor signal
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Fig. 5.10 The output signal detected by the PZT sensor.

The PZT sensor can detect low frequency and high frequency signals as
shown in fig. 5.10. The signal also can be divided into three regions in
each bond — X, Y and Z. Region X is when the bonding tcol hits the IC die
and vibrations are produced. After some time, vibration stops and
ultrasonic energy (~ 60 kHz) for bonding the wire is applied in region Y.
The solid horn lifts up from the die and set the IC in vibration in region Z.
After completing the first bond, it moves to the site of the second bond and

the above steps are repeated.
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After the low frequency force signal in fig. 5.10 is removed by filtering, the
ultrasonic amplitude is shown in fig. 5.11a. The ultrasonic energy deforms
the wire and forms bond in stage Y. If the PZT sensor output is filtered to
remove the ultrasonic signals, the first bond and second bond impact force

signals are as in.regions Xand Zin fig. 5.11b.

200
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Fig. 5.11 The output signal of PZT sensor after (a) high pass filtered and

(b) low pass filtered.
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The signals captured from the wire strain gauge and the PZT sensor are
quite different in shape. PZT sensor is more sensitive to the high
frequency AC signals produced by the vibration of bonding tip but the wire
strain gauge measures the absolute magnitude of the strain produced by
the tip of the bonding tool. Combining outputs from both devices can give
a complete measurement on both the impact and static fo.rces. As the wire
strain gauge is calibrated, by comparing the output voltages of it and the

PZT sensor, the sensitivity of the PZT sensor is estimated to be about 212

mV/N.

In the back-to-back calibration method, the sensitivity of the same PZT
sensor is found to be 184 mV/N. The relative error is about 15%. Using a
strain gauge to calibrate sensor B the strain gauge needs to be calibrated
first in each measurement as the strain gauge is quite sensitive to the
change of environment conditions. Besides, the procedure to calibrate the
strain gauge is quite complicate so we do not use this methed to calibrate

the PVDF sensor.
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5.4 The correlation of the sensors

5.4.1 The experimental setup

Two PVDF sensors have been mounted in the bonding transducer as
shown in fig. 5.12. One of them, sensor A with an E-type electrode pattern,
is sandwiched between the piezoelectric driver and the concentrator horn
and becomes an integral part of the bonding transducer for in-process
monitoring. The other one, sensor B2, already calibrated, is embedded in

the workchuck for calibrating the sensor A by a comparison method.

During the wire bonding process, sensor A and sensor B detects the same
impact signal exerted by the bonding tool on the bond pad surface. Sensor
A detects the bending moment of the concentrator horn due to the impact
of the bonding tool on the bond pad surface. Sensor B2 detects the

reaction force of the bonding tool while it hits the platform.

After signal capturing, the output signals from the two sensors are fed into
the two channels of a digital oscilloscope HP 54522A. Profiles of sensor

outputs are then stored by the computer for further analysis.
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Fig 5.13 The voltage of sensor A versus that of sensor B2 as the bonding

tool during touch down (+ve x-axis) and lift off (-ve x-axis). The
equation of linear fitted curve in (a) —21.6 mMV+1.9 V, (b) -940
uV+ 0.9 V.. The subscripts be, te and cs represent the bottom

and top portion of sensor A and sensor B2, respectively.
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5.4.2 Results and discussion

To compare signals from the two sensors, the operation parameters of the
bonder is programmed in a normal bonding condition except that the
bonding wire is missing. This is because the impact force signals transmits
better into the platform in the absence of the wire. To me.asure the impact
force produced in the bonding process, only the top and bottom sensor
pair is used. The upper and bottom portions of sensor A are calibrated
separately. All four sensors in electrode pattern E have flat frequency
responses as determined using the impédance analyzer HP 4194A and no

resonance peaks are found in the frequency range of 200 Hz— 250 kHz.

The results for 100 samples are obtained and piotted in a graph and
shown in fig. 5.13. The slope of linear fitting curve represents the
sensitivity of the specific electrode area of the sensor. Using fast fourier
transformation (FFT), the frequency range of the measured impact force is
about 400 — 800 Hz. The sensitivity of the bottom and the top electrodes
are approximately 52.8 mV/N and 34.2 mV/N at 608 Hz, respectively. 608
Hz is approximately the centre of the frequency range. From this value, the

amplitude of impact force can be estimated.
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Chapter 6
Bond quality measurement

6.1 Introduction

To distinguish whether a wire-bond is good or not, some bond quality
indicators need to be defined. There are many parameters that may affect
the bond quality. Ultrasonic power, bonding time and bonding force are

known to be critical factors in aluminum wire bonding.

A higher ultrasonic power will result in a shorter bonding time. Although it

can increase the production yield, it also increases the chance of bond

failures due to cratering.
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6.2 Pull test

The wire bond pull test is one of the established method for assuring the
quality of the wire bonding operation. It was recommended for the
evaluation of the strength of wire bonds in semiconductor devices in the
1960’s. It can be divided into destructive bond pull test and non-destructive
bond pull test. The destructive test is only useful on the wedge bonds or
the wedge bond of a ball-wedge bond. The non-destructive test is
frequently applied to reveal weak bond while avoiding damage to
acceptable bonds. In a non-destructive bond pull test, the maximum
applied force to the bond loop is limited to some predetermined value that

is below the normal destructive pull test value.

To understand the principle behind the pull test, it is necessary to consider
the geometrical configuration defining the variables given in fig. 6.1. The
force in each wire, (f.x and f.q), at break, with a specified pull force, F, at

the hook is [1, 44-47]:

(hz+£2d2)”2((1—£)cos¢+(h+H)sin¢)
foeF (6.1)
wel h+d-_[
(1-&)?2d* 1 h .
(I+——=") "(h+ H)(£cosg — —sing)
™ h+ &H
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IC die

Package

!H ed + (1-e) d -‘

Fig. 6.1 The geometric variables for wire-bond pull test in the plane of the

bond loop, as used in eqs (6.1) to (6.4) [45].

Assume the hook is vertically located at the center of the IC die and the
package,

Then , e=1/2, $=90° and eq. 6.1 and eq. 6.2 become

1@t +dH " (h+ H)
F =F
w [ d(2h+ H) (6.3)
—h(Ah+H)Y +d*)"?
F,=F
" [ d2h+H) } (6.4)

Where F is the specified pull force; F.: is the wire break force at the
package; Fuq is the wire break force at the die; d is the distance
between the first bond (IC die) and the second bond {package); h

is the height between the hook and the IC die; H is the height
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between the IC die and the package; ¢ is the ratio of the hook
location; ¢ is the angle between the pull force F and the normal; 64
is the angle between the bonding wire and the IC die; 6, is the

angle between the bonding wire and the package.

Eqgs. 6.1 to 6.4 show that the wire break force depends on the variables h,

H, € and d. In practice, h and H is smaller than 0.5 mm, d is about 1 mm

andeis 0.5[.

In a wire-bond pull test, the puil force F applied to the hook will cause bond

failure. Common modes of failure are the followings:

(1) First weld off — break at the bond — pad interface of the first bond.

(2) First neck break — at the heel of the first bond.

(3) Span break —the wire break at the location of the hook.

(4) Second weld off — break at the bond — pad interface of the second
bond.

{56} Second neck break — at the heel of the second bond.

(6) Others — e.g. the first and second bond lift-off together.
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6.3 Shear test

The shear test is more sensitive to the amount of interfacial weld area than

the strength of the bond heel. The schematic diagram of shear test is

shown in fig. 6.2.

In principle, the shear test is simple and consists of using some form of
tool to apply a shear force on the side of a bond sufficient to push it off,
and recording that force. The shear tool is a flat chisel and the dimension
of the shearing edge is approximately 1 — 2 bond lengths. The shear tool is
placed about 2.54 — 5 pm (0.1 — 0.2 mil) above the metallization bond pad

and parallel to it. The shearing rate is within 0.25 -6 mm/s? [35,48,49].

In a shear test, the shear force applied to the shearing tool will cause bond

failure. The common modes of failure are the followings:

(1) Bond lift — Bond separated at bonding pad

(2) Bond shear ~Wire material left on bonding pad

(3) Bonding pad lifted

(4) Cratering — Bonding pad lifted off taking portion of the underlying
substrate material with it

(5) Wire shear — The shear tool is too high, only a portion of the bond

removed
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(6) Shear tool contacts substrate — Shear tool contacts bonding pad or

substrate

Table 6.1 shows the range of shear force used to distinguish the bond
quality. For shear force between 30 — 40 gf, it is considered as a good
bond. The range of shear force for an average bond is 20 — 30 gf. When

the shear force is less than 20 gf, it is then a poor bond.

Shear direction

-

/ Shearing tool

Wedge bond

< ) 41—2545um
(0.1 =0.2 mil)
)

Bonding pad

A=A

Specimen clamp

\

Area of intimate
contact

Fig. 6.2 The schematic diagram of the wire wedge bond shear test.

Good bond Average bond Poor bond

Shear force (gf) | 30 - 40 20 - 30 < 20

Table 6.1 The range of shear force far defining bond quality.
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6.4 Visual inspection

Visual inspection is a basic method for bond quality evaluation. The
inspector looks at the appearance of the bond and measures the bond
width, bond length., wire tail, loop height etc (figs. 6.3 & 6.4). Occasionally,
the inspection also includes the condition of the bonding w.ire, for example,

whether the wire is damaged or not.

The bonding wire will deform after the bonding process. The weak point of
the bond is located at the bond heel (bond neck). It is because the bond
heel becomes metallurgically work-hardened and weakens as the bond
deformation increases. To prevent this phenomenon, some criteria is

necessary for optimizing the bond quality.

The deformed bond width is usually within 1.4 to 1.8 times the original wire
diameter. In case the bond width is less than 1.4 times, the total area of
the bond is too smail and not strong enough for adequate bond adhesion
and the bond will lift off easily. However, when the bond width is larger
than 1.8 times, the perimeter of the bond becomes irregular and tends to

be squashed especially in the heel of the bond.

In addition, if the length of wire tail is too long, it will cause short circuit.

However, the bond will lift up easily if the length of wire tail is too short.
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Therefore, it is necessary to find out the optimal acceptance criteria for all

_the measured parameters before measurements in order to bench mark

the bond quality.

The merits of visual inspection are the followings:
(1) It is a non-destructive test that does not damage the bond.
(2) It is a convenient method for quality control.

(3) The measurements are simple and easy.

The disadvantages of visual inspection are the followings:
(1) The internal defects of the bond cannot be observed.

(2) The condition of the interface between the wire and bond pad cannot

be observed.

(3) Poor adhesion between the wire and the bond pad cannot be

visualized easily.
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; / Side view
IE : %/——F'_ﬁr\
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\
i - > Top View
T P L ;

Fig. 6.3 A typical wedge bond , diameter of the wire is D. Bond width (W),

bond length (L) and bond tail (T) are the measured parameters.

...................... Bonding wire
H J

IC chip L
Substrate

Fig. 6.4 A typical wire bonding interconnection between an IC chip and a

substrate. The loop height (H) is measured.
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6.5 Evaluation of the bond quality

The samples were fabricated by an ASM 500B computerized semi-
automatic ultrasonic wire wedge bonder. The 31.75 um (1.25 mil) diameter
(Al — 1%Si with 1-4% elongation} bonding wire has 19-21 ¢f tensile
strength and was supplied by Tanaka electronics Singapore Pte, Ltd. It
acts as an interconnection between the 100x100 pm? Al evaporated
bonding pads on the IC die and the Au plated bonding pads on the chip
carrier. The horizontal distance between the two bonds is 2 mm, the

vertical distance between two bonds is 0.55 mm and the height of loop is

0.3 mm.

The bonding time and bonding force is set at constant values of 30 ms and
27 df, respectively. The sample groups are fabricated with various
ultrasonic power settings from 3 V., to 5.5 V. in steps of 0.5 V. Each
sample group has 100 bonds. Using a Nikon V-12A projector the deformed
bond width is measured. A Royce Instruments System 550 tester can be
used to perform the pulling test and shear test. In the pull test, a 76.2 um
diameter pull hook is used in pulling the wire until it breaks. Then, the puli
force F is recorded and the location of the wire break point which is the
weakest section of the wire under the pull test is also noted. In general, the
break point of the wire is located near the hee! of the first bond, second

bond or span break. Then egs. (6.3) and (6.4) are used to calculate the
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actual pull force from the measured puli force F of the first bond failure

mode and the second bond failure mode.

After the pull test measurement, the same tester is changed from a pull
hook to a flat chisel-shaped shear ram. The edge of the shear ram is 228

um. The shear force and the failure mode of each bond are recorded.

Thus, the following figures are obtained.
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Fig. 6.5 Data from the first bond with 31.75 um (1.25 mil) diameter Al wire
on Al metallization (a) bond width; (b) pull force and (c) shear
force on ultrasonic aluminum wedge bonds against power
settings. Each point represents the mean of 100 bonds. All bonds
are bond neck failure in bond-pl_JII test and bond shear failure in

bond-shear test. The error bar is ~ + 5%.
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shear force on ultrasonic aluminum wedge bonds against various

power settings. Each point represents the mean of 100 bonds. All

bonds are bond neck failure in bond-pull test and bond shear

failure in bond-shear test. The error baris ~+ 5 %.
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From figs. 6.5 and 6.6, it is seen that as the ultrasonic power increases,
the bond width and the shear force increase but the pull force decreases
for both kinds of ultrasonic bonds. The deformed bond width increases
which implies that the thickness of the bond decreases and the tensile
strength of the heel of the bond will be reduced. The pull test is particularly
sensitive to the weakening of the bond heel. Thereforé, the pull force
decreases as the ultrasonic power and deformation of the bond increases.
On the other hand, the shear test is completely independent of the
condition of the bond heel. It is only sensitive to the actual amount of
welded area. Therefore, the shear force increases as the ultrasonic power

and deformation of the bond increase.

Comparing the bond strength of the first and second bond, it is found that
the first bond is stronger than the second bond. The shear force test can
substantiate this conclusion. in the first bond, bonding between the same
material (Al-Al) is more reliable than bonding between different materials in

(Al-Au) in the second bond [35].

Therefore, the definition of a good bond is one that has high shear force,
with large weld area after shearing, has a high value of pull force and the

bond width is about 1.5 to 1.7 times the diameter of the bonding wire.
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6.6 Relationships between the impact force, ultrasonic

amplitude ratio and the bond quality

With the piezoelectric PVDF sensor sandwiched between the driver and
the concentrator horn, the bonding time, bonding force and ultrasonic
power set at 25 ms, 27 gf and 3.1 V,., respectively, the sensor output is
recordgd and stored by the computer. Bond width measurement, pull test
and shear test are performed on these samples [50]. Correlations

between the sensor output and the bond quality are then deduced.

The following figures show the sensor outputs from the top side (TS)
electrode and from the left hand side (LHS) electrode. The corresponding

SEM micrographs of the bonds after the shear test are also shown.

Fig. 6.7 shows the sensor profile for a typical good bond. The signal is
observed at the fundamental frequency (62.5 kHz). At about 10 ms, the
ultrasonic amplitude increases to a peak value V, (at 15 ms) and then
decreases to a steady value Vs. The SEM micrograph (fig. 6.8) shows
that the “footprint” has a large weld area and 36.5 gf shear force is

required to remove the bond.
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Fig. 6.9 indicates an average bond which has a weaker adhesion to the
bond pad. The sensor output is quite similar to the profile of a good bond
except that peak amplitude tends to decrease slowly to a steady value in
fig. 6.9a. Fig. 6.9b shows the force signal of an average bond. The
“footprint” of an average bond has a relatively smaller welded area (fig.

6.10). The shear force is 27 gf.

Profiles from a poor bond are shown in figs. 6.11a & 6.11b. The
ultrasonic amplitude profile does not show a distinguish peak followed by
a steady value similar to that shown in fig. 6.8a. Besides, the impact
signal is quite large in fig. 6.11b. The “footprint” clearly reveals that thel
welded area only cover the perimeter of the bond and no weld is formed

in the center of the bond (fig. 6.12). The shear force is 16.5 gf.

In the missing wire condition, the sensor output is shown in fig. 6.13. The
left (LHS) sensor gives an ultrasonic amplitude profile which contains no
peak value at the initial interval and increases slowly to a steady value.
The top (TS) sensor is relatively sensitive to the impact signal. A sharp

impact force amplitude peak is observed.
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Fig. 6.7 Sensor output profiles for a good bond (a) from the left sensor
frequency. The fundamental frequency is 62.5 kHz.
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Fig. 6.8 The SEM micrograph of a typical good bond. The shear force is
36.5 df.
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cut-off frequency. The fundamental frequency is 62.5 kHz.
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Fig. 6.10 The SEM micrograph of a typical average bond. The shear

force is 27 df.
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frequency. The fundamental frequency is 62.5 kHz.
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Fig. 6.12 The SEM micrograph of a typical poor bond. The shear force is

16.5 gf.
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cut-off frequency. The fundamental frequency is 62.5 kHz.
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300 bonds were made under the same bonding conditions (25 ms
bonding time , 27 gf bonding force, 3.1 of ultrasonic power setting) to find
the relationship between the impact force, shear force and the ratio of
ultrasonic amplitude. The result is shown in fig. 6.14. The x, y, z-axis
represents sheér force, impact force and ratio of ultrasonic amplitude
(Vs/Vp), respectively. The solid sphere represents the exp.erimental data
in a 3-D plot. Solid square represents the projection of the solid sphere
on the 2-D plane (figs. 6.15 & 6.16). It indicates that the shear force has
values around 30-40 gf, the impact force is around 50-80 gf and the ratio
of uitrasonic amplitude for good bonds (Vs / V,, see fig. 6.7) is 0.55-0.7,
respectively. in addition, it shows the higher the shear force, the lower

the Vg / V, ratio and the lower the impact force.
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Ultrasonic amplitude (\é/Vp)

Fig. 6.14 3-D graph of the correlations between the shear force, impact
force and the ratio of ultrasonic amplitude. Solid sphere
represents the experimental data in each bond. Solid square

represents the projections of the solid spheres.
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Chapter 7

Conclusion and future development

In this study, an innovative method for monitoring the bonding parameters

during the ultrasonic wire bonding process is described. Based on the

present work, an US Patent has been filed. The following points are noted:

(1)

(2)

(3)

Choosing PVDF as the sensor materials is better than using PZT
ceramics and the 0-3 composite because its insertion does not affect

the characteristic of the transducer. It is also easy to fabricate.

The sensor is sandwiched between the piezoelectric driver and the

concentrator horn and becomes an integral part of the ultrasonic

wedge transducer.

In general, there are two pairs of electrodes in each type of electrode
pattern. The top and bottom electrodes are aligned in a direction
parallel to the bonding tool. The left and right electrodes are
positioned horizontally and are transverse to the bonding tool. The
two pairs of electrodes can be used to sense different bonding
parameters. The vertical pair is more sensitive to the bonding force

as they' are more sensitive to the bending moment experienced by
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the transducer when the bonding tool contacts the wire to be bonded
and the bonding pad. The horizontal pair is more sensitive to the

ultrasonic amplitude and the duration of the ultrasonic burst.

(4) A low-pass ﬁlt.er is connected to the top and bottom electrode pair of
the sensor and a high-pass filter is connected to thle left and right
electrode pair of the sensor. The low frequency output signals from
the top and bottom sensors represent the mechanical vibrations of
the transducer. The high frequency output signals from the left and

right sensors represent the ultrasonic amplitudes.

(5) A back-to-back calibration method is used to find the sensitivity of a
PZT sensor installed underneath the chip carrier. By comparison, the

sensitivity of the PVDF sensor sandwiched between the driver and

the horn can be obtained.

(6) Some wire bond testings are proposed that help to evaluate the bond
quality. The correlation of sensor output signals and the bond quality
could be found. For a good bond, the ratio of ultrasonic amplitude
Vs/V, (see fig. 6.8) of the sensor signals lies between 0.55-0.7. When
the ratio is about 0.8, the bond has an averaged strength. When the

ratio is above 0.9, the bond has poor strength.
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(7)

Impact force of the ultrasonic wedge transducer can be obtained
during the bonding process using the top and bottom parts of the
sensor. The largest value of impact force is obtained when the

transducer is operated without a bonding wire.

Suggestions for future work are as follow:

(1)

(2)

The sensor output signals can be used in real-time monitoring of the
bonding process. A computer can be used to store a range of
acceptable values for each bonding parameter and the measured
bonding parameters are compared with these ranges. When the
measured parameters differ from the acceptable ranges, a controlled

feedback signal may be generated to bring them back to the required

range.

To study different types of electrode patterns or sensor materials that
may be used to detect other bonding parameters. For example,
pyroelectric materials can be used to sense the change in

temperature.

Work is in progress in fabricating a new piezoelectric driver with a
sensor incorporated for real-time feedback control, i.e. a smart

piezoeleétric driver. Details of the work will be reported in the future.
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Appendix A

Piezoelectric theory

The piezoelectric effect was discovered by Pierre and Jacques Curie in the
1880’s. Piezoelectricity is a property exhibited by ceﬁain classes of
crystalline materiais that lack a center of symmetry. When mechanical
pressure is applied to one of these materials, the f;rystailine structure
produces a voltage proportional to the pressure. Conversely, when an
electric field is applied to one of these materials, the crystalline structure
changes shape, producing dimensional changes in the materials.
Piezoelectric properties occur naturaily in some single crystal materials

and can be induced in other polycrystalline materials.

Some crystalline materials have unit cells that do not have a center of
symmetry, and consequently their unit cells contain a small electric dipole.
Above the Curie temperature, the crystal structure is a centro-symmetric
cubic structure that has no net electric dipole moment and no piezoelectric
effect. Below the Curie temperature, the crystal structure changes to a

non-centro-symmetric structure and creates a small electric dipole

moment.
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Fig. A.1 (@) Undeformed piezoelectric materials; (b) Compression stresses
on material cause a voltage difference and (c) applied electric field

across the end of the material causes mechanical deformation.

[51]

Fig.A.1 shows the schematic illustration of the piezoelectric effect. A
sample of ferroelectric ceramic which has a resultant dipole moment due
to the alignment of many small unit dipoles (fig. A.1a). There will be an
excess of positive charges at one end and negative charges at the other
end in the direction of the polarization. When a compression is applied to
the sample, the distance between the unit dipoles (fig. A.1b) is reduced
resulting in a reduction in overall dipole moment per unit volume. Thus, the
voltage difference between the two electrodes of the sample changes if

they are insulated from each other.
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If an electrical field is applied across the two electrodes of the sample, the
charge density at each end of the sample will be changed (Fig. A.1c) This
change in charge density will cause the sample to change its dimensions

in the direction of the applied field [51].
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Appendix B

Materials properties

B.1 Electromechanical properties of commercial

piezoelectric ceramics

The typical electromechanical property values of lead zirconate titanate

(PZT) materials [52].

pPzT-4 [PZT-5H | PZT-7A| PZT-8
£33 /eo| 1300 3400 425 1000
tan 5| 0.004 0.02| 0.025] 0.002
ks 0.675 0.75| 0.670] 0.640

i 0.57 0.5 0.52 0.51

daz (x107° m/V) 315 593 153 225
g3 (x107° Vm/N) 24.6 19.7 41 25.4
sEa3 (1077 m?/N) 12.3 16.5 10.7 11.5
sP3; (x107Z mIN) 7.9 8.99 7.9 8.5
C%; (G Pa) 159 157 175 161

WPi(mis)|  4600]  4560{  4800[ 4600

Na(Hzm)| 2000 2000 2100] 2070

p (kg/m®)| 7500 7500 7700, 7600

Table B1. Typical properties values of lead zirconate titanate (PZT)

materials
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B2 Mechanical properties of metals
The mechanical properties of metals are shown in table B2.
| 347 6061T6 707576 Tungsten
stainless Aluminum Aluminum | Carbide
steel alloy alloy
Young' Modulus | 196 70.0 72.8 534
E (GPa)
Density p 7910 2700 2800 13800
(kg/cm®)
Longitudinal 5000 5092 5099 6240
Wave Velocity
(m/s)
Poisson's ratio v | 0.300 0.355 0.355 0.220
Shear Modulus | 75.7 26.0 27.0 219
S (G Pa)

Table B2. The mechanical properties of metallic materials.
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B3. Sensor materials

Typical piezoelectric materials parameters of the PZT ceramic, PVDF and
PZT/P(VDF-TrFE) composites (with 0.5 volume fraction of ceramics) are

given in the foliowing table.

PZT | PVDF | PZT/P(VDF-TrFE)

Piezoelectric 420 18 23

constant das (pC/N)

Electromechanical 0.5 0.24 0.08

coupling coefficient k;

7500 | 1780 5240
Density p (kg/m?)

Relative  permittivity | 3250 | 20 120

T
£ 33 /E:o

Table B3 Properties of sensor materials.
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