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ABSTRACT

The demand for cellular telephones has grown rapidly over the past decade. With this
growth, consumers have challenged the designers of cellular phones by requiring product
design improvements in features and in portability. Such demands have resulted in
smaller and lighter phones and have driven a need for advanced electronics packaging
technology. As a result, procgss technology has become an increasingly important
strategy for manufacturers of cellular telephones.

One particular method that fulfills this packaging need is chip-on-board (COB)
technology. With COB, the chip is directly attached to the surface of the printed circuit
board. Wires are then bonded from the die to the circuit board as a means of transferring
electronic signals. Finally, a polymeric encapsulant is dispensed and cured in order to
protect the entire assembly. With such an approach, both the area and the thickness of the
circuit assembly can be reduced, allowing the design of smaller cellular phones.

This thesis examines two critical issues faced by the Motorola team chartered with
developing the COB process. First, project risk assessment was of high importance due
to the aggressive development schedule and the limited engineering resources for the
project. Using existing fault tree approaches as a guideline, two methods were developed
to analyze process development risk on a relative basis by separately considering the risk
components of probability and consequence. Each method was then applied to the wire
bonding process in specific. This structured approach resulted in a more detailed
understanding of wire bonding process risks.

Along with the risk management issues, each member of the COB team was involved
with developing a specific aspect of the technology. My research focused on
development of aluminum ultrasonic wire bonding for COB. Three subsets of the wire
bonding process parameters were evaluated: pre-bond plasma cleaning, substrate and
wire metallurgy, and wire bonder (machine) settings. Because of the large number of
process parameters, designed experiments were the mosi logical approach to the problem.
This approach was complemented with materials analyses from laboratory resources
within Motorola. From the study, critical process parameters were identified and
parameter levels established.
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Lionel C. Kimerling, Professor of Materials Science and Engineering
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Chapter 1
Introduction

1.1 Project Background

The demand for cellular telephones has grown rapidly over the past decade. With
this growth, consumers have challenged the designers of cellular phones by requiring
product design improvements in features and in portability. Such demands have resulted
in smaller and lighter phones and have driven an increased need for advanced electronics
packaging technology. As a result, process technology has become an increasingly
important strategy for manufacturers of cellular telephones.

One particular method that fulfills this packaging need is chip-on-board (COB)
technology. With COB, the chip is directly.attached to the surface of the printed circuit
board. Wires are then bonded from the die to the circuit board as a means of transferring
electronic signals. Finally, a polymeric encapsulant is dispensed and cured in order to
protect the entire assembly. With such an approach, both the area and the thickness of the
circuit assembly can be reduced, allowing the design of smaller cellular phones.

Motorola was involved with COB in several sectors of the corporation. Within
the General Systems Sector in specific, a group known as Advanced Manufacturing
Technology (AMT) was chartered with developing COB for cellular applications. As
AMT had a strong process development focus, the group was required to work hand-in-
hand with both product design and operations during COB development. It was within
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this AMT group that Bonnie Kao and I, as fellows from the Leaders for Manufacturing
(LFM) Program, participated during our internship.

The Leaders for Manufacturing Program is a partnership between the Sloan
School of Management, the School of Engineering, and several industrial sponsors. To
facilitate the vision of the program, each fellow spends six menths interning at one of the
sponsoring companies. The purpose of such an internship has several goals:

« provide a unique education that broadens students' experience by exposing them
to real manufacturing concerns that can be addressed only through teamwork and
the integration of various corporate functions and disciplines

» generate an exciting and relevant engineering and management thesis ana project
results

+ identify principles that should be taught and practiced by manufacturing leaders

 identify manufacturing research issues that are critical to participating companies
and of interest to MIT faculty

» foster collaborative research between MIT and individual manufacturing plants
« establish a mechanism for changing behaviors, attitudes, and values in a way that

leads to manufacturing excellence [LFM Program, 1993]

The COB development project provided the opportunity to fulfill this vision. As
the interns participated directly on the development team, we were able not only to
address the manufacturing-related research issues, but also to live in the shoes of a
process engineer for the six-month period. This was an invaluable part of the learning
experience, as we were fully exposed to a technology transfer that encompassed product

design, process design, and international operations.

1.2 Motivation

Development of the process for COB was a technological challenge. Equally as
important, the short product life cycles for cellular telephones requires aggressive time
schedules to be met with limited resources. In such a scenario, not every issue can be

dealt with, and even the important iss‘1es cannot be resolved to perfection. This presents
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an interesting dilemma - the team must not only develop the process at hand, but must
also minim:ze downside risk along the way.

Risk management principles have existed for years and have generally been used
to avuid catastrophic events such as nuclear power plant failures. For such low
probability, high consequence issues, formal methodologies have been created.

Process development, on the other hand, has relatively higher probabilities and
lower consequences of undesired outcomes. How does this impact the use of the
traditional methodologies for process development situations? Are there structured
methods that one can use to manage risk in process development? If so, what are they,
and how are they applied in situations of limited time and resources? if not, can a simple
structured method be developed for process engineering teams to readily use?

Along with the risk management issues, each member of the COB team was
involved with devéloping a specific aspect of the iechnology. As wire bonding is a high-
risk process in terms of impact on product yields, it provided a technical directive for
focusing the team's ideas in risk management. The development of wire bonding for
COB brought about many interesting issues. What level should the parameters of the
bonder be set at in order to obtain high quality bonds? What impact does the plating of
the substrate have on bond strength for COB? How does plasma cleaning affect the
bonding process? Does changing the type of wire improve the bond strength? How are

e machine parameters affected by such wire changes?

1.3 Approaches/Results
1.3.1 Risk Management

The purpose of this thesis was tc research and resolve issues such as those
presented in the previous section. Though literature searches, the existing risk
management methods were first compiled. These methodologies were found to be

insufficient for managing process development risk. Existing quantitative methods are
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overly complex for these situations, and the qualitative methods lacked the breadth
necessary to capture the expected process failure modes. A structured method for
assessing risk in process development was necessary both to challenge engineering
intuition and to support project management efforts.

The definition of risk includes both probability and consequence as contributing
components. Using the existing fault tree methodologies as a guideline, the COB team
developed two methods to analyze process development risk on a relative basis by
separately considering the risk components of probability and consequence. These
relative methods are referred to throughout the thesis as the "terminal branch method"
and the "rated hierarchy method." Both approaches provided an adequate comparison of
risks and avoided getting lost in the numbers required for probabilistic assessments.

The methods were each applied to wire bonding in specific, and two particular
categories of process parameters were identified as high risk. Various components of the
first category, substrate metallurgy, appeared consistently in both analysis methods. The
team had felt that defects due to substrate metallurgy were not of high probability, but
such defects would cause line shutdown situations that may take days to resolve. Due to
these large consequences, substrate metallurgy was seen as having high risk.

The second category identified as high risk was for the wire bond machine
parameters. These appeared as high risk, however, for reasons of probability and not for
consequence. The probability of improper setting was felt to be high because the wire
bonding equipment was new to the group. Most of the wire bond engineering up to this
time had been spent learning equipment setup and use. The improvement of bond pull
strength had been given limited consideration. On the other hand, the team believed that
the parameters could easily be adjusted by manufacturing personnel. Consequences,
therefore, were rated low.

In the end, the rated hierarchy method was recommended because of its ability o

achieve realistic results in a timely manner. If aggressively applied, such a process could
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be implemented in two or three business days, a worthwhile investment when one
considers the cost of not understanding the process risks. Furthermore, the structure of
the method provides a forum for the process development team to share ideas and an

understanding of the underlying technology.

1.3.2 Wire Bonding

Development of wire bonding for COB also began with literature searches. These
provided process awareness from the aspects of plasma cleaning, metallurgy, and
machine parameters. From the literature search, a large number of parameters were
identified which could potentially impact bonding integrity. Because of the large
number, designed experiments (DOX) were determined to be the best approach to
structure the engineering effort.

Resources from a Motorola materials laboratory were utilized to complement the
DOX activity. Materials analyses provided feedback which was critical in understanding
the bonding process. Such analyses also assisted in simplifying the designed
experiments. As an example of this, the results from one such analysis resulted in a
decoupling of the plasma cleaning parameters from the metallurgy and machine
parameters. Such decoupling allowed two smaller experiments to be performed in lieu of
one large matrix.

Through DOX and materials analysis, we found plasma cleaning to have no
benefii for either increasing the bond strength or decreasing the variance in bond strength.
Using scanning electron microscopy (SEM), we also found excessive abrasions in the
surface of the substrate which had been caused by a supplier process instituted to remove
plating debris. Finally, through the wire bonding DOX the most critical process
parameters were found to be ultrasonic power and the type of wire alloy used. This DOX

also resulted in process parameter specifications for aluminum ultrasonic wire bonding.
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i4 Thesis Organization

This section provides a description of the thesis organization by chapter.

Chapter 2 provides background information related to several aspects of the
project. First, an overview of the cellular telephone industry is given. The need for
smaller and lighter phones leads to a description of various electronics packaging
methods. The details for the chip-on-board (COB) method are presented within this
section. The chapter ends with a description of the organizational context for the COB
process development team.

Chapter 3 describes aluminum ultrasonic wire bonding and the parameters which
impact bond quality. In particular, the aspects of plasma cleaning, substrate/wire
metallurgy, and machine parameters are examined.

Chapter 4 provides an overview of the risk management process. Existing
methods found through literature searches are first explained. A six-step process
described by one of the methods is then used as a framework for organizing the literature
findings. The six steps are: 1) risk identification, 2) risk analysis, 3) risk prioritization,
4) risk management planning, 5) risk resolution, and 6) risk monitoring.

Chapter 5 focuses on two relative risk assessment methodologies for process
development applications. In the first part of the chapter, the methodologies are
developed and explained in full detail. A fairly complex example is then given by
applying both methods to the wire bonding process.

Chapter 6 presents the experimentation and results for aluminum ultrasonic wire
bonding. The chapter begins with some preliminary surface analyses to evaluate the
impact of using different plasma cleaning gases. A plasma cleaning designed experiment
is then performed in an attempt to locate proper plasma cleaning parameters. Following
some additional surface analyses, wire bonding designed experiments are utilized in order
to locate key effects and establish process parameters.

Chapter 7 presents the findings from this research and recommends future work.
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Background’

George Fisher, chairman and CEO of Motorola Inc., envisioned the future of
wireless communication and Motorola's involvement in this effort: "We will enable
people and machines access and communicate information seamlessly, anywhere,
anytime, and at their convenience ["Wireless Data Communication," 1992, p. 106}."
Being the largest land-mobile radio company, Motorola is to achieve this communication
network from three fronts: 1) private two-way radio, 2) paging, and 3) public
mobile/cellular phone. It is the last segment, cellular products, that represents the most

change and volatility.

2.1 Cellular Industry
21.1 Background
2.1.1.1  History

Wireless communication has been in use since the 1920's for taxi drivers and
emergency personnel. After decades of technological advancements and miniaturization,
the total world market for cellular telephone services now surpasses 20 million

subscribers. According to the Cellular Telecommunications Industry Association

1This chapter was written jointly with Bonnie Kao, whom I interned with at Motorola. The chapter also
appears in her thesis entitled "Technology Benchmarking and Process Development Tools: A Case Study
of Encapsulant Curing for Chip-on-Board Applications,” 7 May 1993, for the degrees of S.M. in
Management and S.M. in Materials Science and Engineering.
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(CTIA), the number of U.S. subscribers reached 7.6 million as of 1992, with a projected
annual growth rate of 40%. Other industry analysts predict that 30 to 50 million
Americans will be using cellular telephones by the year 2000 [Welbon, 1991]. Annual
sales for the U. S. cellular market is shown in Figure 2-1.

_Eigure 2-1
U.S. Celiular Market Forecast
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[Source: “Wireless Communication,” 1991]

2.1.1.2  Cellular Overview

The market can be divided into service providers, infrastructure equipment
providers, and cellular phone makers. The largest domestic cellular service provider is
McCaw Cellular Communications. The second sector includes firms such as Motorola,
AT&T, Northern Telecom and Ericsson. Presently 75% of the market in the third sector
is taken by Motorola, Mitsubishi, Matsushita, Oki, Toshiba and NEC. Some telephone
system manufacturers, such as AT&T, Motorola, and Fujitsu, make both cellular
switching systems and telephones.

When a user initiates a call using a cellular telephone, the signals are sent to a
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receiving/transmitting tower (Figure 2-2). The signals travel through the conventional
phones lines to the cellular carrier's switching office, to the local telephone switching
office, to the long-distance carrier's exchange (if necessary), then to the recipient's
household. In the meantime, the cellular carrier's computer is constantly monitoring the
caller's position. If the caller is traveling from one area, or cell, to the other, a hand-over

would occur to let the nearest tower take over the communication task.

Ligure 2-2

Cellular System Configuration

local telephone company
switching office \

cellular carrier's
switching office

.......

recipient's
household

cellular
telephone user

[Source: "Phones to Go," 1993, p. 10]

A cellular telephone can be further categorized into either mobile, transportable,
or handheld portable (HHP). The breakdown in annual sales by segment is shown in
Figure 2-3. Evident from the figure, the HHP is experiencing the highest growth rate.

2.1.1.3  Frofile of a Cellular User
When the cellular phone was initially introduced in 1983, the marketplace was
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Figure 2-3

U. S. Cellular Market Forecast
by Product Type
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[Source: “Wireless Communication,” 1991]

characterized by low level of awareness, purchasing, advertising and distribution
accessibility. By 1985, a typical user had increased personal usage and begun to view the
cellular telephone more as a personal necessity than as a traditional business tool
[CELLTRAC 20]. The average cost of local cellular service declined 8% in 1991 to an
average of about $75 per month, and the average cellular call lasted nearly 2.4 minutes

[U.S, Industrial Outlook, 1992]. In addition to the drop in calling rates, the unit price of

cellular handsets had also been decreasing.

2.1.1.4  Forces Driving the Industry
Several forces drive this industry: substitution, customers, regulations, standards,

and technology.

substitutes
The telecommunications industry consists of providers for local exchange, long

distance (toll), international, telex and telegraph, cellular and mobile-radio, satellite, data
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communications, and Value-Added Network Services (VANS). Consumers see different
value in each service, and each service is not a perfect substitute for the other. However,
when the price of a certain service becomes prohibitively high, consumers will switch to

other types of services. Figure 2-4 highlights the different options.

Figure 2-4
Technology Map for Various Communications Devices
Small Large
Consumers Business Business
Analog > A
Multisite <C°““1:af Digital
Cellular
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Point | Tejepoint
CT2 Cordless
-Si PBX
On-Site Analog Cordless
Cordless Key SysFm

Functionality

[Source: Revised from "Issues & Agendas," 1992, p. 50]

customers & regulations

Customers are demanding better performance and lower price as this product
reaches a more mature stage. In terms of regulation, according to Federal
Communications Commission (FCC), two licensed carriers are allowed to operate within
each cell. Each franchise gets 25 MHz of spectrum, or enough for about 832 channels of
30,000 Hz apiece. Presently all 305 metropolitan areas are served by two licensed
providers, and more than half of the Rural Service Areas (RSAs) now have service [U.S.

Industrial Outlook, 1992].
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standards

As long as cellular phone usage increases and the dedicated frequency spectrum
stays fixed, problems such as congestion and potential service degradation will take
place. To solve this problem, the industry’s shareholders, through the
Telecommunications Industry Association (TIA), are aggressively developing a series of
standards upon which first generation digital cellular phones will be based [Madrid,
1991]. The digital cellular phones have the potential of increasing the capacity three- to
twenty-fold. One advantage of digital over analog standard is privacy, because analog
calls can be monitored by a scanner ["Telecommunications: Dialing Up a World of

Profits," 1992, p. 70].

technology

Lastly, the cellular industry is definitely driven by technological innovations.
Advances in technology for power sources, displays and electronic configurations make

the cellular products even more appealing to the masses.

2.1.2 Product

The cellular telephone consists of the following parts: casing/plastic components,

radio-frequency (RF) devices, logic devices, display and battery.

2.1.2.1  Casing/Plastic Components

On average, there are 10-15 plastic components constituting approximately one-
quarter of the weight of a phone. Three to five of these major components make up the
telephone's housing and battery casing, and other essential parts include the acrylic
information window and the dial buttons. The trend in this plastics industry is two-fold:
to deliver molds quickly with the aid of a CAD design capabilities, and to handle

complex processes enabling the integration of 3-D circuit boards and electronic
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components [Moore, 1992, p. 99].

2.1.2.2  Devices (RF and Logic)

During the transition period of analog to digital standard, designers of cellular
telephones have to work with mixed signals: analog RF components operating in the
GHz range and digital RF components operating in the MHz range. This presents several
challenges. First, the designers must be familiar with the different technologies. Second,
they must be concerned with the power consumption issues when dealing with a limited
power source - battery. Third, they must also keep pace with the development in
standards. Lastly, the cost of these devices has to be competitive, since the cellular
telephone is becoming a consumer product ["Cellular Phone Designs Call for Mixed-
Signal Solutions," 1991, p. 57). The industry trend is to produce a highly-integrated,
cost-effective soluﬁon based on a few chip sets: a DSP (digital signal processing), an

RF/IF chip, and a power amplifier.

2.1.2.3 Display

With cellular telephones, the search for a low-cost, high quality display
technology is a major concern. Light-emitting diodes (LEDs) used to be the dominant
display technology, but their problems with power consumption and size have led to the
emergence of liquid crystal displays (LCDs). Presently the top makers of LCD display
panels are all Japanese, including Sharp, Hitachi, Seiko Epson, Toshiba, Sanyo, Seiko
Instruments, Citizen, and Matsushita (Panasonic). Out of a concem for the need for
displays, Motorola recently teamed up with In Focus Systems Inc. to develop an actively
addressed passive-matrix LCD. This type of display is said to place signaling algorithms
on devices off-screen, thus reducing the power consumption and cost ["In Focus,

Motorola Team Up for Display Venture,"” 1992, p. 140].
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2.1.2.4  Battery

A cellular telephone is not possible without a portable power source. In general,
batteries need to be easy to fabricate, rugged, safe, and long-lasting. Due to
environmental and cost concemn, rechargeable batteries, especially the nickel-cadmium
(Ni/Cd) system, are preferred over disposable batteries. However, due to the toxicity of
cadmium, the industry trend is to move away from Ni/Cd system and into a new, higher
performance nickel metal hydride alternative ["Rechargeables Take on Primary Battery
Market," 1992, p. S3]. The latter system was adopted by Motorola's new cellular
telephone, MicroTAC Ultra Lite.

2.1.3 Critical Dimensions

A comparative analysis of cellular telephones would usually include several key
features:

price

size

weight

sound quality (listening and speaking)

battery time (talking and standby time)

additional features (automatic number selection, built-in help)
["Phones to Go," 1993, pp. 14-15].

A more efficient and space-saving electronics packaging process can simultaneously
enhance size, weight and price. It is with these multiple benefits in mind that Motorola's
AMT organization decided to undertake the development effort of a more compact

electronics packaging technology: Chip-on-Board.

22 Electronics Packaging

Consumer demand and heavy competition have driven down the price, size and
weight of cellular phones. Yet, the new phones have better sound quality and longer talk
time than ever before. From a product design standpoint, this translates into significant

technological challenges for each of the major subsystems of the phone (electronics,
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battery, and casing). An especially critical aspect of size, weight, and cost reduction is
the advancement of technology in electronics packaging.

This section focuses specifically on how advanced packaging of electronic
components has brought product miniaturization to reality. The section begins by giving
a brief overview of electronics packaging, which is followed by an introduction to the
most prominent packaging methodologies. Finally, the processes and issues for Chip-on-

Board technology are addressed.

2.2.1 Electronics Packaging Overview

In the early days of electronics, packaging was accomplished by two media:
solder and wire. Although sufficient in carrying power and signals between components,
this approach was both bulky and labor intensive. As the number of discrete components
per circuit increased, the use of solder and wire techniques became impractical and new
methods were sought. Printed circuit boards were developed to eliminate most of the
external wiring, and the invention of the transistor led to numerous packaging
alternatives.

As time passed, this evolution has led to the present hierarchical structure of
electronics packaging (Figure 2-5). In this structure, the integrated circuit chip is at the
base ievel, which is annotated as Level 0. The chip is mounted into a module (Level 1),
electrical connections are made, and the package is sealed. Several inodules are then
mounted to a substrate, most commonly referred to as a printed circuit board. This
substrate represents a Level 2 packaging technology. A complete electronic assembly
often requires multiple printed circuit boards. The assembly would then be referred to as
Level 3, and so on [Tummala and Rymaszewski, 1989, p. 7].

Through the combination of levels, electronics packaging serves four functions:
power distribution, signal distribution, heat dissipation, and circuit protection [Tummala

and Rymaszewski, 1989, p. 3]. Each of these aspects must be considered when
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ﬂgure 2-5

Packaging Hierarchy

Level 2
(circuit board) ||

[Source: Tummala and Rymaszewski, 1989, p. 7]

specifying design criteria for a given circuit. The selection usually comes down to a
tradeoff between product requirements and cost. Other design considerations include
physical size, reliability, and testability.

A brief introduction to Level 0 and Level 1 packaging technologies will be given
prior to introducing the chip-on-board methodology.

222 Electronics Packaging Technology
2.2.2.1  Level 0 Technologies

Level 0 technologies deal specifically with chip-to-module interconnections.
Three methods are commonly used: Wire Bonding, Tape-Automated Bonding (TAB),
and Controlled Collapse Chip Connection (C4).

wire bonding
Wire bonding is the most popular method of Levei 0 interconnection [ Tummala
and Rymaszewski, 1989, p. 391]. Wire bonding begins by mounting the backside of a
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chip to a package with a conductive epoxy. Gold or aluminum wires of approximately
0.001" diameter are then bonded sequentially using a combination of heat, pressure,
and/or ultrasonic energy (Figure 2-6). Three types of wire bonding (ultrasonic,
thermocompression, and thermosonic) represent different combinations of these

parameters.

Figgre 2-6

Wire Bonding

bond wires
bond pads ~_ /
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[Source: Tummala and Rymaszewski, 1989, p. 392)

tape-automated bonding (TAB)

Tape-Automated Bonding (TAB) processes use thermocompression bonding to
attach silicon chip pads to patterned metal on polymer tape (Figure 2-7). This process is
also known as inner lead bonding (ILB). Following ILB, the chip may then be
encapsulated or tested as required. The individual die will be subsequently removed from
the tape and packaged using outer lead bonding (OLB) techniques.

TAB offers several advantages over traditional wire bonding. Although TAB was
originally developed for high volume, low /O devices, TAB techniques have been used
for devices exceeding 300 I/O [Tummala and Rymaszewski, 1989, p. 409]. Furthermore,
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Figure 2-7

Tape-Automated Bonding (TAB)
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[Source: Charles, 1989, p. 233]

since all leads are bonded simultaneously a substantial increase in throughout is
attainable over conventional wire bonding. Finally, quality problems can be detected at
an earlier stage because. the taped die can be individually tested.

On the other hand, TAB presents new challenges not encountered with wire
bonding. The ILB process requires solder bumps on either the ILB tabs or the silicon
pads. These solder bumps greatly increase the chance of damage to chip passivation.
The other major issues with TAB are tooling costs and availability. Because of the

custom layout of many chips, a major investment in inflexible equipment is required.
controlled collapse chip connection (C4)
Controlled Collapse Chip Connection (C4) technology, also known as flip-chip,

was developed in the early 1960's to eliminate the expense, unreliability, and low
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productivity of manual wire bonding. To make the chip-to-package interconnection, C4
utilizes solder bumps deposited to wettable metal terminals on the chip and a matching
footprint of solder wettable terminals on the substrate (Figure 2-8). Since interconnection
is established via the solder bumps, the need for wires or tabs is completely eliminated.
Additionally, production using C4 processing is economical because every solder joint is

made simultaneously during the solder reflow process.

Ligure 2-8

Controlied Collapse Chip Connection (C4)

[Source: Tummala and Rymaszewski, 1989, p. 366]

However, the general lack of die available with solder bumps has not allowed this
technology to flourish. Furthermore, C4 presents many new technological challenges
such as prevention of solder bridging and solder joint fatigue due to thermal expansion

coefficient mismatches between the silicon and the substrate.

2.2.2.2 Level 1 Technologies

Level 1 technologies deal specifically with module-to-substrate interconnections.
Three methods are commonly used: Plated Through Holes (PTH), Surface Mount
Technology (SMT), and Solder Ball Carriers. Each type of Level 1 interconnection is
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independent of the Level 0 (chip-to-module) interconnect. As a result, any of the three

Level 0 technologies may be used with any of the Leve] | technologies.

plated through hole (PTH) fechnology

Plated Through Hole (PTH) technology has been common since the 1960's for
Packaging of electronic devices. The technology derives its name from the structure of
the substrate which has several holes for the insertion of Components. When inserted, the
component leads protrude through the surface of the substrate but are without mechanical
connection. Mechanical attachment is achieved by passing the entire module/substrate
assembly over a molten wave of solder (known as "flow soldering"). Chip-to-module

interconnection is most often accomplished using wire bonding techniques.

surface mount technology (SMT)

Unlike PTH technology, surface mount technology (SMT) requires no holes in the
substrate. Several benefits can be attained by using SMT instead of PTH technology. By
eliminating pin and via holes, additional channels for wiring become available, increasing
the effective substrate wiring capacity. Secondly, the smaller size of SMT components
allows area reduction of about 40% for single-sided substrates, Because SMT
components can be mounted on both sides of the substrate, the size reduction factor
improves to 70% [Tummala and Rymaszewski, 1989, P- 1043]. Both material and labor
cost reductions are achieved since several PTH substrates can be combined into smaller
SMT designs. Like PTH, chip-to-module interconnection for SMT is most often
accomplished by using wire bonding techniques.

solder ball carriers
Solder ball carriers use the same principles as the C4 (Level 0) technology

explained previously. The carriers are used to enhance both heat dissipation and device
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protection. Additionally, much higher I/O is attainable within a given area because the
carrier leads are not limited to its perimeter (as in PTH and SMT).

Solder ball carriers may also use any of the Level 0 interconnection methods. A
recent technology developed by Motorola which uses wire bonded chip-to-module
connections is OMPAC, or overmolded pad array carrier. This technology uses a 40- to
60-mil pitch array of solder bumps. The 40-mil pitch provides a density of 600 I/O's per
square inch. In addition to this high I/O density, placement accuracy is less critical than
for conventional SMT devices because the array of solder bumps gives the module a

"self-aligning" feature when reflow soldered [Markstein, 1992].

223 Chip-on-Board (COB) Technology

To reiterate from earlier, electronics packaging serves four functions: power
distribution, signal distribution, heat dissipation, and circuit protection. Designers of
cellular telephones must meet these requirements while satisfying the consumer's demand
for lower cost, weight, and size. By reducing the number of hierarchical levels, engineers
can design preducts which are more responsive to the needs of the market. One method
for such level reduction is chip-on-board technology.

2.23.1  Description of Technology
"COB has two major subsets:
 Chip-and-Wire technology, where the integrated circuit die is first adhesively
bonded to a printed wiring board and is then interconnected by wire bonding
with either gold or aluminum wire; and
« Flip Chip technology, where the integrated circuit is plated with solder bumps
at the interconnect points and soldered in an inverted fashion to the board,
thus effecting both attachment and interconnection in one step ["Guidelines
for Chip-on-Board Technology Implementation,” 1990, p. 1]."
Because Flip Chip technology is often referred to as "C4," "Flip Chip," or "Direct Chip
Attach,” the term "Chip-on-Board (COB)" is commonly used in place of “Chip-and-

Wire." Throughout the balance of this thesis, COB will mean "Chip-and-Wire."
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With COB, the Level 1 packaging (i.e., module) is completely eliminated,
providing a smaller and lower cost method of chip packaging. The process by which
wire-bonded COB is produced can be best understood by the cross-section shown in
Figure 2-9.

The first step is to attach the die to the substrate using a conductive adhesive. The
adhesive is then cured in an oven. The epoxy dispense and die placement procedures are
often automated to increase speed and consistency. For this purpose, bare die may be
packaged in waffle packs, in wafer form, or on tape. The particular substrate which is
used depends a great deal on the requirements of future process steps. The substrate
types are classified by glass transition temperature, with higher temperature boards
typically costing more. The desired wire bonding process and curing methodology will,

therefore, play major roles in the selection of this material.

Figure 2-9

COB Cross-Section

wire bond encapsulant die

.

substrate adhesive dam epoxy

Once the die epoxy has cured, wires will be bonded using one of the three
methods mentioned in the previous section. This process is considered to be very critical

from the standpoint of yield, as will be discussed in the next section.
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The final step is epoxy encapsulation which protects the wire bonds and device
from physical handling and environmental concerns. An epoxy of appropriate viscosity
must be used to eliminate voids in the encapsulant. As a consequence, a dam is first
dispensed and cured to contain the lower viscosity encapsulant. When the encapsulant

has been cured, the COB assembly is complete.

2.23.2 Key Issues

By eliminating a level of packaging hierarchy, several benefits can be realized.

The advantages include:

lower cost (in high volume)

lighter weight

smaller packages

lower "z" dimension profile (thinner packages)

shorter circuit paths (faster switching speeds)

improved impedance control

reduced number of interconnection levels in the overall system (fewer solder
joints), and

o shorter turnaround time for prototypes and production

However, COB also creates several challenges:

specialized capital equipment required
unprotected integrated circuit chip handling techniques required
user/vendor relationship required for acquisition of fully tested, uncased
integrated circuit chips
o the total number of chips per assembly might be limited by the expected burn-
in yield per chip, and
o CAD tools may need to be modified to accommodate chip-on-board
["Guidelines for Chip-on-Board Technology Implementation," 1990, pp. 5-6]

Some of the process challenges implied by these disadvantages will now be reviewed.

process flow

Present day circuit board assembly might require SMT and COB on both sides.
Thus, a total of four assembly stages must be ordered in a manner which gives an overall
process optimuin.

By performing COB operations first, two specific risks exist: 1) the COB

assembly must withstand two solder reflow cycles for SMT processing, and 2) reflow of
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transparent encapsulants (for LED's) may cause loss of device transmissivity.

On the other hand, performing SMT operations first poses a major cleaning
challenge. Because devices will be wire bonded during COB, residual debris from the
SMT processes must be completely removed from the substrate pads. Otherwise, wire

bonding yields tnay be adversely affected.

wire bond yield

Yield from wire bonding is critical in electronics packaging. Since COB devices
are mounted directly to a printed circuit board, the consequences of scrap due to wire
bond yields are much higher for COB than for traditional packaged modules.

Figure 2-10 shows the effects of wire yield on device yield for a 224-wire device.
From this, one sees that high wire bond yields are required to achieve even marginal
device yields. As multiple devices are often used on a single substrate, this multiplicative

effect is amplified even further.

FF_iEHe 2-10

Wire Yield vs. Device Yield

yield per wire icld per devi
0.9 5x10-11
0.99 0.105
0.999 0.799
0.9995 0.894
0.9999 0.978

[Source: Tummala and Rymaszewski, 1989, p. 404]
handling of open wire bonds

Handling of open devices is not an issue for SMT or PTH manufacturers. For

COB, one must give strong consideration for transferring product from wire bonding to
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encapsulation. Because of a limited presence of COB automated equipment, the handling

of in-process inventories becomes an important part of the COB process.

adhesion

The structural integrity of the COB assembly depends entirely on encapsulants
and adhesives. Five specific areas where adherence is critical are:

1) adherence of die to substrate

2) adherence of dam to substrate

3) adherence of COB encapsulant to die

4) adherence of COB encapsulant to substrate

5) adherence of COB encapsulant to dam
The COB may still be structurally sound without extreme strength in all of the individual
areas. The chalienge for the development engineer is to identify and address the most

critical areas.

cure cycles

Cure cycles are important to the total process time for a COB assembly. For two-
sided COB, six cures are required: die attach, dam encapsulant, and COB encapsulant on
each side of the substrate. Since such processing requires several hours of cycle time, an

understanding of encapsulant curing properties is necessary.

testing

The testing strategy for COB devices is crucial but without a simple solution.
Most die are tested by the respective manufacturer to assure functionality on a limited
basis. As a result, a problem commonly encountered in any direct chip attach process is
one of having "known good die" with which to begin the process. Because many dice are
only available from overseas, coordination of supplier relationships to assure proper
testing and feedback becomes difficult.

Given known good die, another problem is the ability to detect COB process-
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induced defects as early as possible in the production cycle. Although the long-term
solution is to eliminate testing altogether, in-process testing is necessary to facilitate root-
cause problem identification during production ramp-up. Testing of unencapsulated, wire
bonded devices presents handling and probing issues. The handling issue can be
eliminated by testing only encapsulated die, but at the expense of additicnal process time
and materials. Probe testing of die requires engineering expertise which is often available

only from device fabrication houses.

2.3 Organization

The purpose of this section is three-fold: to provide the readers with an
understanding of the organizational structure of Motorola, the project structure within the
Advanced Manufacturing Technology (AMT) group, and the process development
challenges associated with the COB project.

23.1 Organizational Structure

Motorola is built around its radio-frequency competency. An organizational chart
is depicted in Figure 2-11. The charter for the General Systems Sector is to design and
manufacture computer-based cellular radiotélephones and computer systems [Motorola,
1991, pp. 6-7]. In addition to the functional groups within each sector, there are also
several support organizations. The goal of one such support group, Advanced
Manufacturing Technology (AMT), is to develop medium-term process technologies for

the functional groups.

232 Project Structure within AMT
The AMT group is structured into four sub-groups: software/factory control
systems, advanced electronics packaging, materials analysis, and manufacturing

processes. Project tasks could range from cost analysis for a manufacturing line and
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ﬂgure 2-11

Organizational Chart for Motorola Inc. (Abridged)

Motorola Inc.

GSS

CIG CSG CG AMT
t :

GSS - General Systems Sector

CIG - Cellular Infrastructure Group

CSG - Cellular Subscriber Group

CG - Computer Group

AMT - Advanced Manufacturing Technology

selection of technology and materials to the development of a new process for the sector.
The project members usually serve as the interface between design and manufacturing.
The recent surge in demand for cellular services has greatly strained the resources
available at AMT. In order to stay ahead in the business and to stay lean in the
organization, the time schedule for project development is typically compressed to a
matter of months, and each person often ends up with multiple projects. These time and
personnel constraints are somewhat compensated for by a flexible budget that allows for

capital and material procurement.
233 Process Development Challenges

The AMT team was given the charter to pioneer the COB technology on a new

product for the international cellular market. In addition to developing the specific
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process steps, the project members interacted with the management team, the product
designers, and the manufacturing engineers to exchange and communicate findings.

| Although the product design had been defined prior to commencement of the
internship, a high degree of interfacing with product design was a necessary part of
AMT's role. In advanced electronics packaging, process limitations will dictate the
design requirements of product. AMT was a major catalyst for initiating product design
changes throughout the duration of the project.

AMT was also responsible for complete equipment selection for the COB process.
This selection was based on input from the needs of other functions, especially
manufacturing personnel from a European production site. A critical part of AMT's task
was working with management within Motorola to assure the capital investment in
equipment met the business strategy and justifying how COB fit into that strategy. This
required the process development team to occasionally take on tasks in cost accounting to
assure this project was a worthwhile investment.

Once the production site was selected and key personnel identified, AMT was
challenged with transfer of technical information to the manufacturing engineering group
at the production site. The equipment selection and process engineering activity
performed by AMT would directly influence production line establishment. Extensive
communication with manufacturing engineering was necessary to assure AMT's decisions
met the needs for facilities layout, production ramp-up, and line balancing.

From a transitional role between product design and manufacwring, the AMT
team was best positioned to assume project management duties. The duties required task
organization, prioritization, and scheduling. Through cross-functional meetings led by
the AMT development group, project status, schedule updates, and resource needs were
communicated.

In parallel with all of these “other" activities, AMT's primary responsibility was to

engineer the process technologies for COB. Specifically, five major steps of the process
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were to be developed: die attach, wire bonding, encapsulation, SMT, and final assembly.
These development activities were split among the team members to assure best
utilization of resources. As a result, my thesis research focuscd specifically on the
development of the aluminum ultrasonic wire bonding process for COB. Because of the
importance of wire bonding yield, the management and reduction of process development
risk for wire bonding was a special focus of my research.2 The next chapter will give an

introduction to aluminum ultrasonic wire bonding.

2For information on encapsulant cure studies and benchmarking, please refer to Bonnie Kao's thesis
entitled "Technology Benchmarking and Process Development Tools: A Case Study of Encapsulant
Curing for Chip-on-Board Applications,” 7 May 1993, for the degrees of S.M. in Management and S.M. in
Materials Science and Engineering.
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Chapter 3
Wire Bonding

The wire bonding process relies on several factors to determine the overall
strength of the bond. These elements are 1) pre-bond plasma cleaning, 2) substrate and
wire metallurgy, and 3) wire bond machine parameters. This chapter wil! provide
background information on each of these elements. The concepts covered within the
chapter will be used for both the relative risk analysis of Chapter 5 and the wire bonding
experimentation of Chapter 6.

31 Wire Bonding - Overview

As discussed in the previous chapter; three types of wire bonding are ~~—monly
used: ultrasonic, thermocompression, and thermosonic. Prior to discussing the elements
which effect wire bonding strength, each method of wire bonding will be briefly
discussed.

In ultrasonic wire bonding, wire is first clamped between a bonding wedge and a
substrate surface. An ultrasonic generator then gives a burst of energy, forming a
metallurgical cold weld through a combination of this energy and the forcz of the
bonding wedge. The resulting bond is of wedge-wedge configuration, as shown in Figure
3-1. The width of bond foot deformation is often recommended to be 1.5 times the wire
diameter.
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Figure 3-1

Wire Bonding Configurations

AL D

1 [ ] =\
ST | G—K

Wedge-Wedge Bond Bali-Wedge Bond
(Ultrasonic) (Thermocompression,
Thermosonic)

[Source: Charles, 1989, p. 225]

Thermocompression bonding is accomplished by using a controlled time,
temperature, and pressure cycle. Temperatures are typically 300 to 400°C. The required
heat is provided by a combination of a heated capillary (through which the wire feeds)
and a heated stage. The resuiting bond is of ball-wedge configuration (Figure 3-1).

Thermosonic bonding combines the features of ultrasonic and thermocompression
bonding. Because of the ultrasonic energy, temperatures can be reduced to between 100

and 150°C. This bond is also of ball-wedge configuration [Charles, 1989, pp. 224-6].

3.2 Plasma Cleaning
321 Description

Plasma cleaning is a dry process involving gases rather than liquids to ciean
circuit boards. The intention is to clean organic contamination from surfaces in order to

enhance bondability of wires. A radio frequency (RF) energy is used to create gas plasma
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at low pressures. The resulting electric field imparts energy to free electrons which
become excited and collide with gas and substrate molecules. As a result of this "sub-
molecular sandblasting," energy is transferred, and free radicals are created. The free
radicals then undergo further reactions, resulting in surface modification on even the most
stable materials [Advanced Plasma Systems, 1992].

Plasma cleaning requires an RF power generator of several hundred watts, a
vacuum pump, and pure gases (usually argon or oxygen). Devices are placed in a
chamber, the chamber is evacuated, gases are introduced at about 0.2 Torr, and RF power
is switched on for up to 30 minutes to clean the substrate. Because of the chamber
evacuation procedure, plasma cleaning is by nature a batch process, although systems are
being developed to transfer vacuum via multistage vacuum chambers.

The environmental benefits of plasma cleaning over traditional methods are
numerous. No chemical analysis or maintenance is necessary, as chlorinated
fluorocarbons, solvents, and acid cleaning chemicals are eliminated. Additionally,
process material deposition is not required [Advanced Plasma Systems, 1992].

One must keep in mind, however, that all cleaning processes are subject to
mythology. One never really knows if they are effective or not, as a proper measurement

of "increased cleanliness" is often difficult to obtain.

3.22 Effects on Wire Bonding

The most common gases used in plasma cleaning are oxygen and argon. Oxygen
plasma cleaning is expected to eliminate contamination in two ways. First, the RF energy
breaks up O3 into atomic oxygen (O + O). These react with surface hydrocarbons to
form HoO and CO»3. Second, the energetic bombardment by the excited oxygen atoms
assists in breaking up the hydrocarbon molecules as well as sputtering off the
contaminants.

Excessive use of oxygen plasma cleaning will blacken (oxidize) the silver
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metallization common in conductive epoxies and may reduce bondability. By changing
the oxygen to argon near the end of the cleaning process, the silver may be restored to its
original color and bondability loss may be regained.

Ionized argon is not known to form stable compounds. Brief metastable
compounds with carbon or other contaminants may be removed, decomposed, and then
released out of the gaseous plasma. Because argon has twice the atomic weight of
oxygen, it is used to mechanically dislodge the organic coniamination. Although this
occurs at less than half the rate as for oxygen plasma, argon has the advantage of running
at lower temperatures and will not oxidize silver-filled epoxy or exposed metal
components [Harman, 1992, p. 125](Buckles, 1987, pp. 476-9].

Once plasma cleaning has been completed using either gas, the recontamination
of aluminum surfaces occurs rapidly. For practical purposes, storage after cleaning
should not exceed two hours. For longer periods of storage, the device should be
recleaned. Alihough storage in nitrogen filled cabinets may help, this has not been
demonstrated to prolong the clean surface period. The reason for this is that waffle packs
and other plastics inside the enclosure may outgas organics onto the substrate {Harman,
1992, pp. 129-30].

Plasma cleaning studies have, for the most part, been evaluated using
thermocompression wire bonds. Most personnel associated with wire bonding would
agree that ultrasonic aluminum bonding is less sensitive to surface contamination than is
thermocompression bonding. Because experiments are difficult to design, however,
direct comparisons between the methods are rare [Harman, 1992, p. 131].

One recorded experiment was performed by Bushmire and Holloway. By using
photoresist diluted with acetone, contamination layers with thicknesses ranging from 50
to 180 A were created. These numbers represent equivalent carbon thicknesses of 20 to
60 A. A series of control substrates was created by using a UV-ozone cleaning process,

and wire bonding parameters were optimized using the controls. The contaminated
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substrates were then tested for bondability by using destructive pull tests for each of the
different bonding methods.

Ultrasonic aluminum wire bonding tests showed no results of bond foot lifting for
up to the maximum of 180 A of contamination. Thermosonic gold bonding, on the other
hand, exhibited bond lifts for greater than 120 A of contamination and had a 20% |
decrease in shear strength for 100 A. Similarly, thermocompression bending exhibited
lifts for greater than 80 A of contamination and had a 20% decrease in shear strength for
40 A [Bushmire and Holloway, 1975, pp. 1-23]. From these results, the ability of

ultrasonic aluminum wire bonds to "scrub through" existing contamination is evident.

33 Substrate and Wire Metallurgy
3.3.1 Intermetaliic Compounds

Aluminum ultrasonic wire bonding requires a combination of metallic interfaces
to achieve the bond. Pads on the die are of aluminum metallization. The substrate,
however, is often gold/nickel/copper to allow for reflow soldering of surface mounted
parts. The thicknesses of the metallization is typically 5-15 pin for Au and 50-200 pin
for Ni ["Guidelines for Chip-on-Board Technology Implementation,” 1990, p. 11]. Thus,
the bonding interface at the die is Al-Al, but the interface at the substrate is Al-Au.

When the aluminum wire is ultrasonically bonded to the gold substrate pads,
intermetallic compounds are formed at the bond interface. The five intermetallic phases
reported in the gold-aluminum system are AuAlj, AuAl, AuAl, AusAlp, and AugAl
These intermetallic compounds are not the normal cause of failure. Although brittle, they
are mechanically strong and electrically conductive. Instead, failures result from the
formation of Kirkendall voids and from degradation due to impurities at the interface.

Classical Kirkendall voids may occur on either the gold-rich side or on the
aluminum-rich side of the interface. Such voids are caused by an imbalance of mass

transport across bond interfaces. Thas, either the Al or the Au diffuses out of one region
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faster than it can diffuse in from the other side of that region. The AusAl> intermetallic,
for example, will form on the gold-rich side when bake times are greater than an hour at
temperatures exceeding 300°C. Similarly, AuAl will form on the aluminum-rich side
for one hour bake times at greater than 400°C. Much longer times are required for such
compounds to form at lower temperatures, although growth of such intermetallics is
enhanced by temperature c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>