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Abstract
Current thermosonic flip chip bonding technologies are adversely affected by chip-tosubstrate co-planarity errors and bump/pad height variations which can lead to uneven bonding
strength and, in extreme cases, chip cratering. This has limited the industrial uptake of
thermosonic flip chip assembly. The aim of the research reported here was to explore the use of
laser-generated ultrasound as an alternative ultrasound source in flip chip bonding. The research
was motivated by the idea that, with greater control over the distribution of ultrasonic energy
applied over the bonding interface, it should be possible to compensate for and mitigate the above
effects.
The main objective of this research work was to establish a working flip-chip bonding
process using laser induced ultrasonic vibration. Initially, a literature review on current flip-chip
bonding methods and laser ultrasonic methods was carried out. This suggested that confined laser
ablation would be the most appropriate technique for generating strong ultrasonic vibration.
Next, through modelling and simulation, an investigation was carried out to determine the
suitable parameters and methods to be implemented during the experimental stage, including the
pressure pulse amplitude, cavity width (irradiance spot size) and type of sacrificial material.
Additional investigations were also carried out to explore the effect of applying different
materials in generating ultrasonic vibration and also to show the effect of applying multiple
pressure pulses simultaneously.
In the experimental phase, a custom bonding rig was developed and used to explore the
parameter space for thermosonic bonding on polymer substrates using ultrasound generated by a
diode-pumped solid-state laser (355 nm wavelength). Initial experiments showed unstable bond
strength due to the accumulation of heat which resulted in the appearance of an unwanted gluelike substance at the bonding interface. However, this issue was overcome through careful choice
of process parameters combined with the introduction of off-axis laser irradiation. A process for
bonding dummy test chips to flexible substrates was successfully established, and in the best case
a die shear strength of 9.3 gf/bump was achieved.
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1. INTRODUCTION
1.1 Background
Ultrasonic bonding is recognised as one of the effective joining methodologies in flip-chip
assembly for microelectronics. It is attractive because it allows bonding at relatively low
temperatures (typically 200 C) and leads to direct metal-metal bonds without the need for
additional materials. It also provides strong metallurgical joining [1] which is expected to be
more reliable than solder interconnection and conductive adhesive [2], [3].
The most widely adopted ultrasonic bonding method currently is thermosonic bonding. This
technique uses a transducer powered by a piezoelectric element to transmit ultrasonic vibration
to the bonding interface. In the case of flip-chip assembly this interface is the boundary between
the “bumps” (metallised contact pads) on the flip-chip and the substrate pads. The ultrasonic
vibration, together with sufficient clamping force, will cause the initiation of a bond in about 7.5
ms [4]. The basic principle of thermosonic bonding is the introduction of an ultrasonic softening
effect at the bonding interface that allows the materials to undergo plastic deformation. During
the plastic deformation, oxides and contaminations are removed from the contact surfaces of
connecting materials, exposing raw surface which enables the materials to bond [5] on a typical
timescale of tens of milliseconds. This ultrasonic energy, coupled with external force, also does
not require or generate high temperature that can damage sensitive chips or substrates.

1.2 Problem statement and research motivation
Thermosonic bonding is classified as either transverse or longitudinal depending on whether the
ultrasonic vibration lies parallel to or perpendicular to the bonding interface. In both cases, the
ultrasonic energy is introduced via the bonding tool and is therefore coupled to the entire chip.
This can cause irregularity in the bonding energy distributed to individual bumps, especially if
the chip is large and/or the bumps are not symmetrically disposed on the chip surface. As a result,
the bonding strength may vary from bump to bump and this can lead to increased incidence of
electrical connectivity failures, which will surely affect the overall device functionality. Slight
variations in bump height across the chip can also lead to bond strength variations.
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One possible way to improve bond strength uniformity is to use a bonding method that can
channel a controlled amount of ultrasonic energy individually to each bump. The normal
thermosonic bonding process cannot achieve this because it relies on coupling of the ultrasonic
energy from the bond tool to the entire chip.
Therefore, the motivation of the present work was to explore the possibility of using pulsed laser
light to generate ultrasonic excitation in a more targeted manner. There is a higher chance of
establishing flip-chip bonding using the vibration induced by laser at micro scale if the vibration
characteristics can be imitated from current thermosonic flip-chip bonding process. In addition,
with greater control over the distribution of ultrasonic energy applied over the bonding interface,
it should be possible to compensate for and mitigate the uneven bonding strength and chip
cratering effects.
Figure 1.1 shows how this approach might be applied in practice to flip-chip assembly. In this
particular implementation, the substrate is held on a polymer carrier tape which also acts as an
absorber for the laser light. The light is incident through the (transparent) bond head, and
generates an ultrasonic wave either through thermoelastic expansion or ablation at the top surface
of the tape. Depending on the size and shape of the laser beam, the ultrasonic excitation can be
more or less localised, allowing for the possibility of either parallel bonding of many I/Os, or
sequential bonding at individual I/O sites.

Figure 1.1 A possible scheme for laser ultrasonic flip-chip bonding, with ultrasonic generation
in a carrier tape
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Laser technology has been used previously in flip-chip assembly as part of a process for
transferring metal bumps onto flip chips [6]. This so-called “laser assisted bumping” process
involves three steps, (see Figure 1.2):
1)

fabrication of bumps on a carrier;

2)

bonding of the bumps to a chip using a conventional thermosonic bonder;

3)

release of the bumps from the carrier by laser machining of a sacrificial polyimide
layer.

The proposed laser ultrasonic bonding technique could potentially replace the conventional
thermosonic bonding step in this process. It may even be possible to combine the bonding and
release operations, making the whole process simpler and faster to implement.

Figure 1.2 Laser assisted bumping process (from [6])
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1.3 Research objectives and thesis outline
The overall purpose of this research is to establish the feasibility of flip-chip bonding using laser
induced ultrasonic vibration. Initially, the objective is to establish a flip-chip bonding by a mere
adherence of a dummy flip chip to a flex substrate, which is sufficient to prove the hypothesis.
Then, through modifications of the process or experimental setup, the bond strength (die shear
strength) of the adhered flip-chip to the flex substrate should exceed the minimum standard for
die shear stress test.
In order to achieve this objectives, several steps have been taken which include reviewing current
methodologies and related topics, modelling and simulation and conducting experiments. The
remainder of this thesis is organised as follows. Chapter 2 reviews current thermosonic flip-chip
bonding processes, identifying the important parameters to be studied, as well as important topics
such as ultrasonic vibration and laser generation of ultrasound. Modelling and simulating of a
flip-chip structure for the new laser-generated ultrasound method is presented in Chapter 3.
Through the modelling and simulation work, the acoustic vibration characteristics at the point of
interests were studied and important parameters for the initial setup of the experimental work
were determined.
Based on the work described in the preceding chapters, Chapter 4 presents the system set up and
processes for the flip-chip bonding using the laser-generated ultrasound method, while Chapter
5 presents the experimental results and some modifications to the process. The final chapter
concludes the finding and contribution of this research and suggests future works that can be
done to improve this method.
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2. LITERATURE REVIEW
In order to develop a laser ultrasonic approach to flip-chip bonding, a wide range of knowledge
is required. This chapter contains a review of current thermosonic flip-chip bonding processes,
laser generation of ultrasound, confined laser ablation, pressure propagation in multilayer
structures and ultrasonic vibration detection methods.

2.1

Thermosonic flip-chip bonding

Thermosonic flip-chip bonding is a solderless technology for area-array connections [7]. It is
similar to thermocompression bonding in terms of simplicity and in being a clean, solderless
solid-state bonding approach, but requires much lower pressure, temperature and bonding time
as a result of introducing ultrasonic energy into the process [8]. Basically, thermosonic flip-chip
(TSFC) bonding is an adaptation of wire bonding technology for flip-chip assembly. Instead of
joining one connection at a time (either wire to chip or wire to carrier/substrate), TSFC is able to
form hundreds of joints simultaneously between a chip and a substrate or carrier. As with the
wire bonding process, heat, ultrasonic energy and pressure are combined to form solid state
metal-metal bonds [9]. However, TSFC has higher electrical performance when compared to
wire bonding due to the fact that it has shorter interconnect distance between chip and board. The
high input / output (I/O) density of this bonding system also enables miniaturization of products,
which is more desirable to microelectronic packaging industries [6].
A TSFC system is normally classified as being either transverse or longitudinal according to the
direction of ultrasonic vibration transmitted by the bonding tool [8]. In both transverse and
longitudinal bonding systems, ultrasonic vibration, which is generated by a transducer, is
transmitted to the chip through a bonding tool, also referred as a collet (Figure 2.1). Basically, a
transducer for thermosonic bonding consists of a piezoelectric element, which is the source of
the ultrasonic vibration, an amplifying horn and a collet. The collet in the transverse bonding
system is fixed perpendicular at the horn tip, while in the longitudinal bonding system the collet
is fastened axially with the horn [8]. Both systems operate by holding the chip firmly using
vacuum suction through the collet which is hollow in structure.
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Figure 2.1 Thermosonic bonding tools, showing (a) longitudinal and
(b) transverse geometries (from [8])
To develop a new bonding system for flip-chip assembly, it is essential to identify the important
parameters involved in establishing successful bonding in TSFC. The important parameters to be
studied that could determine the quality of successful bonding are the ultrasonic power, ultrasonic
frequency, bonding force (the static normal pre-load applied at the interface), bonding time and
substrate temperature [4]. The parameters associated with ultrasonic vibration are the frequency
and amplitude of the bonding tool and chip, which are driven by the ultrasonic generator. From
experimental works using a transverse bonding system with bonding parameters set as in Table
2.1, a normal TSFC bonder starts to form a bond after about 7.5 milliseconds. At this stage, a
stick and slide motion of the chip is expected to occur until it finally stabilize slightly before 10
milliseconds of the bonding duration. Once bonding has been initiated, the remaining time is
used to strengthen the bond. It can be observed that during the bonding increase stage (Figure
2.2), the amplitude of the chip vibration is about 1 µm which is adequate for successful bonding.
Table 2.1 TSFC Bonding Parameters (from [4])
I/O count

8 bumps

Bonding force

30 g/bump

Substrate temperature

163 °C

Ultrasonic frequency

56 kHz

Ultrasonic power

2-3 W

Bonding time

22.5 ms
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Start of bonding

Bonding stick-slide stage

Figure 2.2 Typical vibration amplitude of tool and chip during bonding process (from [4])

During the bonding increase stage, it is observed that the bonding tool does not move
simultaneously with the chip as shown in Figure 2.3b as can be compared from the vibration
profile of the tool and chip at the beginning of the bonding process shown in Figure 2.3a. As a
result, ultrasonic energy is wasted as only part of the ultrasonic energy has been propagated to
chip. In addition, silicon cratering has been observed which is caused by the relative movement
between tool and chip [4].

Figure 2.3 (a) Tool and chip vibration amplitude at the bonding forming stage. (b) Tool and
chip vibration amplitude at the bonding increase stage. (from [4])
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One of the major problems associated with transverse flip-chip bonding systems is the planarity
issue which is caused by improper alignment between tool and chip. This improper alignment
will lead to a non-uniform pressure being applied across the chip resulting in over-bonding at the
bumps with higher compressive stress and under-bonding at the bumps with lower stress [8].
This effect becomes more severe for high I/O assemblies since the bonding force, which is
proportional to the number of I/Os, increases. The planarity issue is also believed to be caused
by the bending of the collet attached to the bonding tool in the transverse motion when high bond
force is applied [8]. To overcome this problem, the longitudinal bonding approach has been
studied [10]. In a longitudinal bonding system, the bonding force and ultrasonic vibration are
aligned and also parallel with the horn of the bonding tool, as illustrated in Figure 2.4. From
simulation and experiments [8], it has been shown that for longitudinal bonding, even under high
loading, the collet can maintain adequate co-planarity between the chip and the substrate.

Figure 2.4 Longitudinal bonding (from [10])

Unfortunately, longitudinal bonding generates higher stress levels at the bonding interface than
transverse bonding. For example, the ultrasonic hammering impact generated by a longitudinal
bonding system with an ultrasonic power of 2 W may reach 1.2 GPa at a bonding force of 200 gf
per bump, which is 20% higher than for the transverse mode [8]. This explains why, in reference
[8], chip cratering was observed in the longitudinal mode while no cratering was observed in the
transverse mode. Furthermore, while it has been argued that longitudinal bonding can be used
for high I/O assembly, it is agreed that it requires higher bonding force. This is not an issue for
the longitudinal bonder [10]. However the higher force increases the likelihood of cratering on
the silicon chip. Therefore, longitudinal bonding has not been widely adopted for flip-chip
assembly in high I/O applications even though it solves the chip tilting issue.
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2.2

Laser ultrasonic bonding

One of the main motivations for exploring the proposed laser ultrasonic bonding approach is the
possibility of applying ultrasonic energy in a controllable manner to localised regions of the chip.
With this capability it should be possible to adjust the applied ultrasonic energy to compensate
for variations in the bonding force. Even in the absence of co-planarity errors, bonding force
variations can arise from non-uniform bump height or substrate distortions. With compensation
of this type in place, it should be possible to reduce the overall bonding force, and hence lower
the likelihood of cratering. This assumes that it is possible to measure or predict the bonding
force variations, but there are optical metrology techniques that could do this.
Conventional thermosonic bonding operates on the principle of ultrasonic or acoustic softening
which is defined as “the decrease in the plastic (yield) limit of a material under intense ultrasonic
vibration” [11]. It is assumed that the proposed laser ultrasonic bonding process will work on the
same principle. However, the ultrasonic generation mechanism will be quite different, being
based on thermoelastic material expansion or ablation rather than piezoelectric effect. One
consequence of this is that, depending on the laser type used, a wide range of vibration
frequencies will be available. In contrast, conventional thermosonic bonders use only a small
number of standard frequencies, with many operating at 60 kHz.
Equation (2.1) is used to calculate the acoustic energy density [12] as follow:
𝐸 = 𝜉 2 𝜔2 𝜌

(2.1)

𝑊ℎ𝑒𝑟𝑒 𝐸 = 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝜉 = 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
𝜔 = 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
Since the laser-induced ultrasonic vibration works basically on the same principle, this equation
can also be used to determine its acoustic energy. By assuming that the acoustic energy density
required in the laser process will be same as for conventional TSFC, the amplitude and frequency
in Equation (2.1) can be adjusted accordingly to give similar result (depending on the limit of
each parameter). For example, if the vibration amplitudes generated by laser are small, the laser
process can be compensated by increasing the ultrasonic frequency.
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The identified laser ultrasonic parameters that might affect the ultrasonic vibration amplitude and
frequency are the laser peak power, laser spot size (area), laser pulse duration, type of target
material (speed of sound) and material thickness. Depending on the laser irradiation mode, other
material properties are also important such as optical absorption at laser wavelength, thermal
conductivity and heat capacity (if thermoelastic mode is used) and ablation characteristics (if
ablation mode is used). These parameters will be investigated to characterize the laser ultrasonic
requirement for flip-chip bonding.
There are potentially two methods for generating laser ultrasonic vibration which are by
thermoelastic expansion or by ablation. The thermoelastic expansion process is widely used in
non-destructive inspection of materials or objects [13] due to its nature which doesn’t produce
any damage to the material surface, while ablation is known to be used in material removal
processes such as laser machining [14].
It is quite desirable to implement the thermoelastic concept in generating ultrasonic vibration as
the means for ultrasonic bonding since the process is much simpler than the ablation process.
However, the vibration amplitude produced by the thermoelastic effect is relatively low
compared to that produced by ablation. Theoretically, the amplitude generated by thermoelastic
expansion of a polyimide at an acoustic pressure of 1 MPa [15] (normal peak stress generated
during thermoelastic expansion) will only be about 8.6 nm at 10 MHz (calculated from pressure
pulse duration of 100ns). These values are calculated by using the acoustic pressure formula as
in Equation (2.2) where 𝜌 = 1430 𝑘𝑔. 𝑚−3 𝑎𝑛𝑑 𝑐 = 1300 𝑚. 𝑠 −1. :
𝑃 = 𝜌𝑐𝜔𝜉

(2.2)

𝑊ℎ𝑒𝑟𝑒 𝑃 = 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑐 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑
𝜔 = 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
𝜉 = 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
Other possible materials such as copper and aluminium also produce very low displacement
amplitude. For example, using the same values for pressure and excitation angular frequency,
these materials give displacements of 0.47 nm and 1.2 nm respectively. With such small
displacements it is not possible to generate enough ultrasonic energy density for bonding. For
comparison, using Equation (2.1) to determine the ultrasonic energy required (silicon chip),
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normal thermosonic bonding generates 331 J/m3 of energy density at 60 kHz (displacement = 1
µm), whereas the ultrasonic energy density generated by thermoelastic expansion of silicon at 10
MHz (displacement = 0.8 nm) is only 5.88 J/m3.
On the other hand, the ablation method has the potential to be exploited as it is possible to
generate higher amplitudes up to few micrometres [16]. Although it is often used for material
removal in applications such as fine material cutting, etching and submicrometer patterning [15],
it is also possible to utilize this technique for more exotic applications such as vibration
generation. There are many research publications in the area of non-destructive testing that
demonstrate the presence of laser-induced ultrasonic vibration (see for example [17], [18]).
Unfortunately the resulting amplitude of the generated vibration is either too small or the
frequency is too low to be useful in the present work.
One investigation of vibrations induced by ablation is discussed in [16]. In this research, the
materials investigated were polystyrene (PS) and polymethylmethacrylate (PMMA) of a
thickness ranging from 20-100 µm. The laser used in the ablation process was a KrF excimer
laser (λ = 248 nm) and the waves were detected using a Laser Doppler Vibrometer (LDV) at the
opposite side of the test materials. The measured displacements are shown in Figures 2.5 and 2.6.

Figure 2.5 Displacement of the surface layer opposite the ablation spot for a
PS sample (from [16])

24

