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ABSTRACT

Typical solder bonding process for flip chip assembly is performed above 200°C.
The bond usually comes with thermal stress, misalignment, structural damage
resulting in the reliability problem of packaging assembly. Besides, the pitch size of
electrical input/output (I/O) is usually limited by the size of solder ball that further
restricts the flip chip bonding technique for high density interconnecting application.
Therefore, it is critical to develop the chip assembly technique with low processing
temperature and small bump size. In this paper, piranha cleaning process combined
with a conventional under bump metallization (UBM) process have been developed

for realizing low temperature Au-Au thermally compressive bond (<200 C) and it

has shown the potential for the applications of fine-pitch interconnect and
System-on-a-Packaging (SOP). Experimental results show that the gold content in
the bonding surface can be increase 33.7% after a 240 seconds piranha cleaning to

realize a Au-Au thermally compressive bond with a contact resistance of 45m() at the

conditions of 160°C and 100MPa applied pressure.
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Chapter 1 Introduction

3D-IC or Si-Based System-on-Package (SOP) scheme have been proposed
for microsystem fabrication in recent years shown in Fig 1.1. Instead of
building everything on a single chip, discrete components are designed,
fabricated in separate chips, and then fully integrated by stacking together or
assembling onto a silicon substrate via through substrate via and flip chip
bonding technologies to form a microsystem. Without having any material and
process limitations, a compact microsystem can be realized with more design
flexibility for better performance.  Nevertheleéss, the needs for a complex
microsystem with. mere functionality but higher processing speed would never
be stopped and.it is foreseeable that high-end microprocessor combined with
storage, graphic, communication, and sensor chips would become the next
generation personal portable electronic-device.  -Therefore, in terms of the
progress of assembly and |package technology, it is. inevitable to have high
density interconnects occurring in the:chip and package.: In fact, 2007 ITRS
roadmap has disclosed that the need for the fine pitch ball grid array (FBGA)
packages with 100um area array pitch by the year 2014 that requires much finer
lines and vias than the current micro-vias 'of 50um diameter and lines and spaces

of 25um [1].



Current 3DIC solution Future 3DIC solution

I
E B EEEE N
E R E E EEm
EE B EEE N
i- _ - - -‘-:-'-:-"-'-
Si substrate
Wire bond stake die TSV stake die

Figure 1.1 3DIC, TSV, and Wafer Level Process.

Previously, flip-chip bonding technique has been developed and utilized
widely for microelectronic packaging application bécause it can enable the
electrical interConnects between chips. to have high density and low parasitic
reactance characteristics. [2]. Fig. 1.2 shows the scheme of a typical I/O pad of
CMGOS circuit.chip on which solder ballis put for flip chip bonding to a package
substrate. The scheme shows'that the pitch size is usually limited by the size of
solder ball that further restricts' the flip-chipsbonding‘technique for high density
interconnecting application. However, in order to. further eliminate the size
effect originated from' the solder,” several “micro bump and bumpless
interconnecting schemes have been proposed and demonstrated [3,4]. In these
approaches, directly utilizing UBM layer as the bonding material as shown in
Fig. 1.3 has become the most economic process for manufacturing due to its
existence and simplicity [4]. UBM, Under Bump Metallization, means the
metal layer underneath the solder, which is typically Au/Ni or Au/CoW. The
layer of Au in the UBM is utilized for adhesion enhancement of the solder
adhesion to the I/O pad and the layer of Ni or CoW is functioned as the diffusion

barrier to prevent the solder to form alloy with the interconnect material



underneath. Thus, for the scheme using UBM as the layer for flip chip bonding,
Au layer must be the last layer on the top of CMOS circuit chip in addition to
the passivation layer shown in Fig. 1.2 and 1.3 before the bonding. Since the
Au 1s chemical inert and the passivation such as Si3N4 can also be chemical
stable in strong acids, the piranha clean process, a standard wafer cleaning
process to remove organic and inorganic residue, can be utilized for cleaning the
Au surface without having any process limitation and detrimental effect

occurring to CMOS chips.

Passivation Layer Solder
(Si3N4, BCB; ..} ’
UBM(Ni/Au, ...)
Metal Pad

(Cu; Al,'...)

Figure. 1.2 A scheme of UBM with selder bump

Passivation.Layer A

u
Metal Pad{(Cu, Al, ...)

(Si3N4, BCB, ..} /
Ni /

Si
Figure 1.3 A scheme of UBM electroless Ni/Au bump
Meanwhile, for Au-Au bonding, the bonding temperature is also a critical

factor which could greatly affect the reliability of chip assembly. High bonding

temperature could result in large thermal stress induced by the coefficient of



thermal expansion coefficient (CTE) mismatch between the substrate and
bonding materials, large misalignment due to the thermal expansion of
alignment mark, and material incompatibility to the material with low melting
point. Previously, Saito et al. has utilized the surface activated bonding (SAB)
to realize high-density bumpless interconnection from Si chip to a polyimide
substrate. Besides, in 2006, the same group also demonstrated Si to Si
bumpless ultrafine pitch interconnects using Cu SAB technique in which about
0.1um bump height and less than 10um pitch can be succeeded [5]. Since the
SAB mechanism is based. on the adhesive force formed by two atomically clean
surfaces produced using CMP and Ar-FAB in ultra high vacuum environment or
Ar plasma irradiation to have-intimate surface .contact,.low process uniformity
toleration, long activation —time" (~30min), 'and special customized tool
requirement ‘“will ' make this technique hard to be implemented in mass
production. “In addition to, the SAB; Fiedler et al. [6] has' demonstrated nano
lawn structures for microelectroniespackagmgrapplication in which bonding
temperature and strength could be greatly enhanced due.to the recrystallzation of
Au-Au nanowire-contact: - However, proeéss complexity including the
employment of anodic aluminum oxide or nanoporous polymer as plating
template also makes the technique quite impractical for the proposed integration

application.

Previous research has shown that high pressures are required for
interatomic attraction to overcome surface asperities in metals if the bonding is
formed at room temperature [7]. The asperities can be further removed via the
aforementioned surface cleaning processes.  Therefore, piranha cleaning
process combined with a conventional UBM process [8] is proposed and

4



investigated to explore the feasibility for realizing low temperature Au-Au
thermally compressive bond (<200°C) for fine-pitch interconnecting and SOP

application. Such a surface cleaning technique is simple without the needs of
complex tools to achieve the Au-Au bond with reasonable electrical contact
resistance. In the study, Au-Au thermally compressive bonds will be formed in
a flip-chip matter with Daisy chain design. Via the electrical and mechanical
characterizations using [-V measurement, X-ray Photoelectron Spectroscopy
(XPS), Atomic Force Microscope (AFM) and Scanning Electronic Microscopy
(SEM), the correlations. within bonding conditions, interface cleanness, bonding
strength, and electrical contact_resistance ,of the Au-Au bond have been

identified for future process optimization for related applications [9].



Chapter 2 Experimental procedure

2.1 Test sample structure design

The structure of bonding test sample is shown in Fig. 2.1, respectively.
Ten corresponding bonding pads with complementary conducting lines are both
designed on two separated carrier Fig. 2.1(a) and chip Fig. 2.1(b). Two
alignment marks are set both on carrier and chip for flip chip bonding system
during the bonding alignment. The bonding pads, wires and contact pads are
fabricated by electro platinggcopper for Sum and covered with electroless
plating lum Ni and 0.4um Au. The bonding jpads for circular bonding
interconnection and the-diameter of bondingpad is 40um as
shown in Fig. 2.1(d) can be calculated for required bonding pressure. Total
length of wires is about 1100um which were designed appropriately for
convenience of electrical resistance .measurement. Thus, the total contact
resistance can_be obtained’ by subtracting the resistance.of line pattern (Fig.
2.1(c)) from the-resistance measured.from two contact.pads, A and A’, once

carrier and chip are’bonded.



Alignment mark

i /\ \\/Ym/aim?

(a) Contact pad A (b)

Figure 2.1: Structure of chip(a),.cartier(b);-and-Izine-pattern(c) use for de-embedding (c). Chip

and carrier bonded together and bo;lding pad were designed diameter of 40um(d).

2.2 Test sample fabrication

The fabrication process of test sample is depicted in Fig. 2.2. First, a
0.7um thick S102 was deposited onto a P-type (100) silicon substrate by wet
oxidation as shown in Fig. 2.2(a). Secondly DC sputtered Ti/Cu 300A/1200A
onto oxide as seed layer as shown in Fig. 2.2(b). Then patterned AZ 4620 photo
resist to define the region of copper wires and bonding pads as shown in Fig.
2.2(c). The wires and contact pads were fabricated by copper electroplating for

Sum as shown in Fig. 2.2(d) and remove photo resist as shown in Fig. 2.2(d). 7



um spin coated AZ 4620 PR again to define bonding pad as shown in Fig. 2.2(e).
Finally, remove the photo resist and seed layer by Acetone and CR-7T as shown
in Fig. 2.2(g). Finally electroless plating Ni/Au 1um/0.4um to cover all the
patterned copper layer, which is to protect all the copper wires and pads from
Sulfuric Acid and Hydrogen Peroxide mixture cleaning process. Acid and
Hydrogen Peroxide solution for several minutes to remove organic and
inorganic contamination from the gold surface. To prevent any ion remain on the

gold surface, strong rinse in DI water is required after this cleaning step.

Figure 2.2: Test sample fabrication process.

2.3 Clean process

The Au surface cleaning process is accomplished by using a mixture of
Sulfuric Acid and Hydrogen Peroxide in the ratio 3:1 and heating the solution

remains at 80°C which is in the first step of RCA clean, is compatible to CMOS



MEMs technology. Then dip the wafer into mixed Sulfuric Acid and Hydrogen
Peroxide solution for several minutes to remove organic and inorganic
contamination from the gold surface. To prevent any ion remain on the gold

surface, strong rinse in DI water is required after this cleaning step.

2.4 Flip chip bonding process

A carrier on the sample tray is picked up and set onto the heat stage, then a
selected chip flipped over so that the backside surface can be held by upper
heater. The two-sight . ¢amera is inserted between the chip and carrier. Move
and rotate the stageto fit the alignment mark-on both side were overlapped.
Retract the camera as long as the alignment operation is, complete. The upper
stage heated jat set temperature and move. down" to ‘exert specific pressure.
Usually, bonding time is set within 180 seconds. As-the clean process performed
on Au bonding pads thermal compressive bonding processishould be performed
in few minutes:due.to gold surface may absorb organic substance when exposed

to the atmosphere:.



Chapter 3 Result and discussion

Test sample was fabricated by steps as above, several measurements were
set up and done. XPS analysis to identify Au content on bonding pads after
cleaning, bonding pressure condition to find minimum pressure requirement,
SEM picture of Au-Au bonding adhesion test and cross section are included,

contact resistance measurement and AFM analysis shown as below.

3.1 HDXPS Analysis

Au surface contamination is always concerned in thermocompression
bonding process. It is believe that the higher surface cleanness improved, the
higher bondinggstrength can be achieved. Since there is.not formed significant
oxide film onsgold at room temperature, and solubility ofsoxygen, carbon, and
hydrogen in jgold are all negligibly..small, it is believed,that gold absorbed
organic substance when exposed to the atmosphere [10]. To examine the
effectiveness of surface cleaning = by Sulfuric Acid and Hydrogen Peroxide
mixed solution, XPS analysis was performed on Au surface is shown in Fig. 3.1.
It can be seen that after 240 seconds dipping into Sulfuric Acid and Hydrogen
Peroxide mixed solution, the content of Au increase from 41.9% to 75.6% and
organic contamination, such as carbon or oxygen decrease from Au surface.
Compare with cleaning by Ar/H2 plasma after 1 minuite treatment, surface

content of Au increased from 37.5% to 80.5% [9].

10
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Figure 3.1: XPS Conte % > Acid and Hydrogen Peroxide

carried out after bonding und different pressure. It was found

that higher pressure bonding pressure lead chip to be bond after cleaning. In Tab.
3.2, chip and carrier bonded at 160°C, the minimum pressure requirement in

this experiment is 100Mpa.
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Pressure(Mpa) Bonded
30 X
50
100
120

Table 3.2: Pressure condition (o-bonded, X} -fail)

OO0 | X

3.3 Au-Au bondingadhesion test

Fig. 3.3 shows the SEM picture of chip and carrier forcefully separated
bonding transition structure in the bonding condition of 160°C 100Mpa for 180
seconds. We know that failure occurs at the weakest region of bonded interface.
In Fig. 3.3(a),.copper wires and.bonding pads on carrier were lifted by exerting
external force as the carrier and chip are-bonded together. Bonding pads were
bonded tightly enough to lift off copper wire from' carfier as the detail part of
SEM picture shown in Fig. 3:3(b). In Fig. 3.3(¢), shows the detail SEM image of
lifted off bonding pad. By using EDX analysis, sputtered Ti seed layer adhere
on carrier after separation. As the result, we found out that the sputtered Ti/Cu
interface is the weakest region to be broken. We have discovered that by using
mixture of Sulfuric Acid and Hydrogen Peroxide clean, bonding strength is

strong enough to break the interface between Cu and Ti.

12



Fig. 3.4 shows the SE 1 picture he entire cross section image of the
bonding area in the condition of 160°C, 100Mpa, 180 seconds. The upper and
lower bump were connect together with high accuracy and no damage was
found at interface. There is a lift off area between Si carrier and lower bump,
was filled with broken pieces during polish process without unferfilling. As
shown in figure, Several voids are found at both right and left ends of the
bonding interface as the result of bump deformation under high pressure.

These voids may cause contact resistance increases.

13
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3.5 AFM anal

The roughnes ole in dominating the

resistance between b roughness leads to the
increase in the bonding ar s values of electrodes surface,
which are very large using in concept of SAB [11]. In comparison with SAB
method mentioned in [9], roughness were in degree of 200nm to 400nm after 10
minutes treatment, By using mixture of Sulfuric Acid and Hydrogen Peroxide
clean, RMS roughness was measured at 50nm as shown in Fig 3.5, would

supply a good bonding surface to bond with lower contact resistance.
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3.6 Contact resistance measurement N

The contact resistaPcIP RS bonding pad can be derived by dividing the
total resistance by the total ;umber of b(;n.ding pads. The effect of different
bonding temperature on electrical resistance is shown in Fig 3.6. Under the
bonding condition of 100MPa, cleaned for 240 seconds, bonding temperature
increased from 160°C to 300°C, the contact resistance decreased from 45 to
17mQ. The higher temperature applied on the contact area during the

bonding process, the more Au surface can be welded, and contact area

between the electrodes is greatly increased, the more resistance is decreased.

15
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Chapter 4 Conclusion and Future Work

4.1 Conclusion

We successfully demonstrate a cheaper Au surface clean process for Low

temperature thermocompression bonding technology. By piranha clean for 240

seconds interconnection can be bonded in condition of 160°C, 100Mpa.

4.2 Future Work

How to improve pi ssthe main issue in this work.
There is a super piranha I i . By using super piranha clean

can lower the ¢

17
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