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Table 3-3 Performance and Cost Factors.

| PERFORMANCE FACTORS |

Size and weight

Interconnection capacity within each interconnection level
Connection capacity between interconnection levels
Electrical delay and noise

Power consumption

Heat dissipation

COST FACTORS |

1. Production cost:
a. Manufacturing cost
(setting up the manufacturing line and buying the required materials)
b. Manufacturability costs
(running the manufacturing line, mainly the impact of test and yield)
2. Post production costs:
(mainly replacing failed units—the effect of field reliability)
3. Design and prototyping costs
4. Time-to-market

S AW =

|

process can be broken down into steps, some of which are carried out
simultaneously:

1. Determine requirements and goals of the system.

2. Express requirements and goals in terms of performance and cost

factors.

Determine partitioning and packaging alternatives.

4. Evaluate performance and cost of design alternatives in terms of
performance and cost factors.

5. Decide on alternative that best meets the system’s aims.

Rl

These are discussed and an example given in the next section.

3.7 DETERMINING SYSTEM REQUIREMENTS AND GOALS

The requirements of the system are the “must haves,” those aspects of
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122 PACKAGE SELECTION: A SYSTEMS NEED PERSPECTIVE

performance and price that the system must achieve. These become constraints
on the performance and cost factors. The goals of the system are the “want to
haves,” those aspects of performance and price where maximization is highly
desirable. Satisfaction of the goals must be judged in terms of tradeoffs between
the performance and cost factors. One of the first steps in system design is to
determine the requirements and goals and to determine the relative weight or
importance of each one. These requirements and goals should closely match
those of the end customer.

Six categories of electronic systems were identified in Chapter 1: consumer,
aerospace and military, computers, biomedical and telecommunications and
instrumentation. Each of these system types has different requirements and goals
related to packaging performance and cost.

For example, most consumer products have a requirement that they be
passively air cooled (no fan). Their goals are heavily weighed towards
minimizing production cost, followed by maximizing customer satisfaction
(minimizing post production costs) and minimizing size and weight. Rarely, is
minimizing electrical delay an important goal.

Aerospace and military products tend to emphasize performance and post
production cost factors in their goals. However, they often are given minimum
requirements in terms of these factors. For example, a radar signal processor
might be required to resolve a target with a 1 meter squared radar cross section
at 100 miles, fit into one electronics bay, and the technician must be able to
locate and repair a fault within half an hour. They usually must be air cooled.
A recent trend has been to pay increased importance to minimizing production
cost.

The requirements and goals of a computer system depend on the application.
For example, a desktop workstation might have requirements that it be air cooled
with a quiet fan, be software compatible with previous models and meet federal
EMI standards. The goals of the system are to maximize computation
performance while controlling cost. Marketing studies determine suitable
minimum targets for these goals. It is shown in Section 3-10 how workstation
performance depends on interconnect capacity and delay.  On the other hand,
a notebook computer must be passively air cooled and must be able to use a
certain chip set. Ergonomics and price drive the goals of the system. Total
system size, weight and user friendliness, together with battery life (power
consumption) and selling price, all are given similar weight.

At the other end of the scale, supercomputer and mainframe applications
require high performance, while cost is secondary. These applications require
high interconnection capacities throughout the entire system. Designers need to
avoid the low interconnection capacities usually associated with the higher levels
of the packaging hierarchy. Thus, they tend to make extensive use of MCM
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technology. An unusual performance goal, sometimes appearing in large systems
such as a supercomputer, is the need for scalability-the ability to make the same
system in several different sizes without redesigning the system for each size.
An example is being able to expand a system with 512 processors to one with
1024 processors, without having to slow down the system to compensate for the
larger size.

The aims in biomedical systems vary widely according to application.
However, they have tended to emphasize performance and post production cost
factors over production cost.

In main telecommunications switches, international standards dictate many
requirements for performance. The need to minimize system down time for
maintenance and failures often is translated into a set of post production
requirements and goals. For example, it is a common requirement that the
switches be air cooled to simplify maintenance and repair. It also must be
possible to run the system on batteries if main power fails. The goals of the
system then are to maximize bandwidth (a function of interconnect capacity and
electrical delay) and minimize life cycle cost.

High end instrumentation systems, such as test equipment, often must
operate at higher speeds than the systems they are designed to test. The pin
counts of the high speed bipolar and gallium arsenide parts used usually have
been low. Thus, hybrid packaging has been a common solution. Recently, the
sizes and pin counts of chips made in these technologies have increased
dramatically. As the pin counts climb, it becomes necessary to use packaging
technologies that combine high interconnect capacity and high speed, such as an
MCM technology.

3.8 DETERMINING AND EVALUATING
PACKAGING ALTERNATIVES

Currently, the process of determining a set of suitable packaging alternatives
requires that the designer have some insight into the broad range of alternatives
available and how their relationship to the requirements and goals of the system.
No general methodology for generating these alternatives exists today. Often,
the alternatives are discovered during the evaluation process, so the current
emphasis is on making this evaluation process as efficient as possible.
Partitioning alternatives usually are generated on the basis that functions should
be grouped into chips and packages to minimize the need for high cost
connections between the different levels of the packaging hierarchy.

There are two levels of evaluation possible. First order evaluations use
simple performance and cost measures and models, such as substrate efficiency
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and time of flight delay, to quickly evaluate a large number of alternatives [1],
[8] and [9]. Computer aided engineering (CAE) tools, such as SPEC [10] and
PEPPER [11], are becoming more available to help with this task. These first
order evaluations often are useful in weeding out unsuitable alternatives. It often
is necessary to conduct detailed evaluations to make the final decision and to
determine the system parameters (such as the clock frequency). Detailed
evaluations might be necessary when the possible options could violate a specific
systems requirement (if the heat density is so high that air cooling might be
difficult). CAE tools are helpful in this task (MetaSim {12] for electrical delay
and the routability estimators included in commercial tools). SPEC and PEPPER
have some of these detailed evaluations built in.

3.9 IMPACT OF SEMICONDUCTOR TECHNOLOGY

The designer must decide which semiconductor technology to use: CMOS,
bipolar, BiCMOS (bipolar and CMOS mixed together) or gallium arsenide, and
which chip design style to use. The design style has two elements: circuit style
(TTL or ECL logic families) and implementation style (gate array or full custom
design). The choice affects the decision making process as follows:

1. Determines the delay within each chip, both due to the circuits within
the chip and the on-chip wiring.

2. Determines how many functions can be provided within one chip. This
is highest with CMOS technology. Large CMOS chips also tend to
have high pin counts.

3. Determines the on-chip interconnection capacity. This is generally
high.

4. Determines the power dissipated by the chip. This is high now, even
for CMOS chips. There is a speed/power tradeoff to be considered.

5. Determines semiconductor technology to use. Bipolar chips have lower
test escape probabilities than CMOS chips.

6. Determines cost. Large, complex chips have a cost usually greater than
the first level package cost.

3.10 EXAMPLE OF THE SYSTEM DESIGN PROCESS

In many computer products, particularly workstations, packaging technology has
a main influence on system performance through its impact on memory access
bandwidth. The memory is structured as a hierarchy (Figure 3-16), usually with
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Figure 3-16 Block diagram of the main elements in a single CPU computer. Packaging
affects workstation performance through the widths and speed of the data paths between
each level of the memory hierarchy.

Elm Exhibit 2162, Page 155

msgalica@mintz.com



126 PACKAGE SELECTION: A SYSTEMS NEED PERSPECTIVE

a small amount of fast memory (first level cache) at the top of the hierarchy and
a large amount of slow memory (main memory) at the bottom. This is part of
the system organization. It is possible to write expressions that relate the
computation performance of the system to the number of bits communicating
between each level of the memory hierarchy (also called the fetch size, N1, N2
and N3, as shown in Figure 3-16), the interconnect delay between each level (i,
ty, t43), the memory access time of each level (how long it takes to fetch a
memory location for each memory chip t,, t,, and t,3) and the number of
memory locations at each level (M1, M2 and M3). The performance is
expressed as a function or model:

Memory Performance = f(N1, N2 N3, t;; +t,;, tyo

(3-16)
+ b 43 + t3, M1, M2, M3)

The elements in this expression relate directly to packaging performance factors
[13], [14] and [15]. This function tends to be most sensitive to the attributes ty;
+ t,;, M1 and N2 (N1 is usually fixed), and reasonably sensitive to M2 and t;,
+ 1.

a2The choice of partitioning and packaging style has a large influence on the
fetch sizes and interconnect delays. For example, the first level cache often is
packaged with the CPU on one chip, allowing a minimum t;; + t,;. However,
in 1992 technologies, this limits M1 to 8 - 16 kBytes, which really is too small.
This is the case assumed here.

The progress of the IC technology (and the ability to integrate a fast, large,
first level cache onto the CPU chip with good yields) must not be neglected. In
particular, a company may decide not to pursue developing an MCM technology
for its computer chips if an anticipated small chip MCM product would only
have a two year performance lead on the equivalent function packaged entirely
within one chip [16].

With the first level cache placed on the CPU chip, packaging determines
performance mainly through its effect on N2, M2 and t;,. Three options are
presented and discussed here: a single chip package/PWB option, a laminate
MCM option and a flip chip thin film MCM option.

If the CPU is packaged in a PGA, N2 is typically limited to 32 bits to 128
bits, to limit the PGA pin count, and tyg, might be as large as 23.1 ns. (Delays
used here are based on the evaluations provided in reference [17].) This option
provides the worst (though not bad) performance at the least cost.

The simplest MCM alternative is to package the CPU chip(s) as bare die on
a fine pitch laminate MCM, either with TAB or wire bonded chip attach, and
then connect the memories as single chip packages. This reduces the fanout and
CPU footprint, decreasing t;, and allowing for a modest increase in N1. The
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memories are left in their single chip packages because their footprint is barely
larger than that of the bare die (they only require 20 or so pins). This also
simplifies memory testing. ty, is decreased from 23.1 ns to 17.9 ns, a 5.2 ns
decrease. With the increased interconnect density it is possible to increase N1
to 128 bits or more. Based on assumptions beyond the scope of this text, a
computation performance increase of around 11% is gained over the single chip
package option.

With this laminate, the impact of thermal considerations is likely to be low.
Thermal vias are used beneath the CPU but, if the chip is designed so that few
signals run underneath this chip, then the impact on interconnection capacity is
small. Manufacturing costs are low, possibly lower than the cost of using
ceramic PGAs on a PWB, and the manufacturability cost also is low. In
particular, the memory chips are easy to rework. It also might be possible to
avoid reworking the CPU if it is a single die. The CPU can be tested after
mounting it on the laminate, before mounting the memories, and scrapped with
the low cost laminate if it fails. Other cost impacts also can be kept low.
Sealing the bare chips in epoxy delivers sufficient environmental sealing at a low
cost, and adequate mounting to the next level of packaging is through an
standard edge connector. Overall, the price premium over the conventional
option is small.

The most aggressive MCM alternative, in terms of performance, is to use
flip chip solder bumps on a thin film MCM. With this approach, N2 can be very
high and the shortest possible interconnection delay, short of using some three-
dimensional technology, can be obtained. Then ty, is decreased further 3.1 ns
delay over the laminate approach when the memories are packed in short lead
TAB frames and mounted on a thin film substrate [17]. The fetch size, N2, can
be substantial, possibly even 512 bits or more. The overall computation
performance increase over the single chip package option is about 20%.

The price premium is several hundred dollars however, and the risk of
delayed time-to-market moderate unless close relationships had been established
with parts suppliers and a carefully worked out test plan is used. If a silicon
substrate is used, the cost of the package (typically a large ceramic PGA) can be
higher than the substrate itself, possibly even $200 to $300. Manufacturability
costs are higher as all the difficulties of working with bare die must be
incorporated. An offsetting factor is that solder bump technology is the easiest
bare die attach technology with which to do rework. If there is insufficient
experience with flip chip thin film MCMs in the company, the risk and time-to-
market impacts might be high, These considerations should be balanced against
the performance gains.

Elm Exhibit 2162, Page 157

msgalica@mintz.com



128 PACKAGE SELECTION: A SYSTEMS NEED PERSPECTIVE

311 SUMMARY

System design may be driven primarily by performance, by cost or by the desire
to maximize the ratio of performance to cost. Due to continuing rapid advances
in chip technology, as well as advances in customer’s needs, the lowest cost
packaging alternative often does not return satisfactory performance. This has
led to a growing need for advanced, customized packaging. MCM technology
represents the high performance end of advanced packaging technology.

The use of MCMs leads to improved system performance through the ability
to pack the chips close together. This ability arises from the tight line and via
pitches possible with MCM technology. These tight pitches reduce the impact
of chip fanout on chip footprint, and results in sufficient interconnect capacity
being available in a small area. This ability results in a reduction in interchip
delay as compared with the conventional package alternatives. The reduction in
delay is largest if the chips being packaged have high pin counts, as such high
pin counts normally require a large fanout package and create a strong demand
for wiring. For example, the size difference between a multiple 500 pin PGA
mounted microprocessor array and the equivalent MCM mounted array is large,
while the size difference between a surface mount packaged memory array and
the equivalent MCM mounted array is small. In the former case, if system
performance is very dependent on reducing interchip delays, the performance
advantages of using MCMs are large. A further gain in performance comes
about because the MCM-based solution fits onto fewer PWBSs, reducing the need
for higher levels of packaging in the packaging hierarchy. This allows the parts
of the system to be more richly interconnected. The advantage is greatest with
thin film MCMs, least with laminate MCMs. In all cases, however, the use of
MCMs reduces size, weight and interconnect delays, and increases the total
number of connections available.

The above discussion applies to the use of both large and small (< 10 chip)
MCMs. Sometimes an alternative to a small MCM is to fabricate a single large
ASIC chip. This is reasonable if the chip can be produced with sufficiently high
yield. However, it is unreasonable if the production volume is too small to
justify the extra design cost, if the time-to-market requirements are too short to
justify the extra design time or if different semiconductor technologies have to
be integrated.

There are a number of potential disadvantages to using an MCM solution.
The heat density is higher, possibly requiring a more expensive heat dissipation
solution. The manufacturing cost is likely to be higher, more so for thin film
and high layer count cofired MCMs than for laminate MCMs. The test cost
almost certainly is higher when bare die are packaged on MCMs rather than in
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easily tested, single chip packages. At the time of writing the risk of increased
time-to-market is also greater with a bare die MCM solution due mostly to some
infrastructure deficiencies. However, the infrastructure situation is improving
rapidly.

Thus, the engineer must select the most appropriate technology mix for each
system. This must be done by evaluating different packaging and partitioning
alternatives against the system cost and performance goals. This is best done
through the use of clearly identified cost and performance factors. For an
advanced system, a large number of alternative courses of action should be
generated, evaluated and compared using suitably detailed models and
simulations. Only then can it be determined if the extra cost of advanced
packaging can be justified by the system’s needs. This process also enables the
designer to determine which functional blocks in the system benefits most from
the use of advanced packaging. As a general rule, the most highly connected
functional blocks tend to benefit more from advanced packaging than lowly
connected functional blocks, such as memories.

A somewhat idealized approach has been presented in which the system’s
cost and performance aims are clear and can be modeled numerically, as can the
performance and cost of the different options. Unfortunately, this is not always
the case. The customer’s requirements might be vague and ill formed. In this
case, scalability and flexibility of the solution becomes an important factor.
Also, all of the models needed to do the evaluation might not exist. Quantifying
time-to-market and test costs might be difficult. Nevertheless, by qualitatively
understanding how the different performance and cost factors relate packaging
alternatives to the systems aims, it is still possible to arrive at a sensible solution.
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MCM PACKAGE SELECTION:
COST ISSUES

Lee Hong Ng

4.1 INTRODUCTION

In the design of electronics packaging systems, there is rarely a single “best”
solution; the final design is usually a tradeoff between different performance
attributes (system speed, thermal constraints or size) and cost. In many cases,
tradeoffs between cost and performance are the most important. Unfortunately,
the analysis of cost and performance tradeoffs is a very complex task. On the
performance end, the vast variety of design options available today to the
packaging engineer precludes an exhaustive analysis of all viable alternatives.
On the cost end, the treatment usually is even more cursory because of the
complexity and uncertainty of cost before actual production.

While many may argue that performance analysis is more important in the
design phase, one must be aware that cost is very dependent on the product
design. In fact, up to 80% of the cost of a product is determined in the design
phase [1]. If a design decision is based primarily on performance, one may
discover, after the decision is made, that a slight modification might have
lowered the cost drastically without an appreciable degradation in performance.

Obviously, both cost and performance issues must be addressed at the design
phase to minimize sub-optimization. The designer must be able to think across
the boundaries of different packaging approaches to optimize cost and

133
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134 MCM PACKAGE SELECTION: COST ISSUES

performance for a specific design. In the previous chapter, cost was divided into
four factors: production cost, post production cost (reliability, repair and
maintainability), design and prototyping cost and time to market cost impacts.
In this chapter, details about how to model production cost and examples of the
cost considerations of all of these cost factors are given. Sections 4.2 to 4.5
present technical cost modeling (TCM) and its application to making cost-based
decisions for MCMs and PWBs. The cost modeling approach presented in these
sections is a process-based cost model. Section 4.6 discusses an alternative form
of cost modeling used by a design bureau when it does not have access to
manufacturing process information but does have access to vendor pricing
information. This model is referred to as a design activity-based cost model.

4.1.1 The Importance of Cost

Product costing is important for strategic decisions, cost and performance
evaluation, product pricing and product design, as well as to improve and
manage existing operations. For example, product cost information is used by
management to decide which products the company should drop to be more
profitable, or it may be used to formulate a strategy for the company based upon
its cost advantages in certain products. If the product cost information is
inaccurate or biased, insensible decisions may result.

Product costing also is important in material and process selection, as well
as to target areas for cost improvement and optimization. A consistent product
costing framework also can be used to assess the cost position of suppliers,
competitors and customers, and to evaluate “make versus buy” decisions.

Accurate product costing is especially important at the design phase where
more than 80% of the cost of a product is determined. To be useful, cost
evaluation at the design phase must incorporate the effects of design and
manufacturing processes. This ensures that the design offering the optimum
combination of cost and performance is selected. In many cases, process
selection decisions also are made at the same time using product costing
information. Thus, errors in product costing at this stage results in non-optimum
designs being selected.

In many applications, the direct manufacturing cost is only a small part of
the total system costs. The total system costs include operational cost such as
fuel and power consumption, cost of cooling, prototype design and testing, repair
and higher level connections. Again, all of these must be included in the cost
analysis to minimize sub-optimization at the system level.
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Table 4-1 Example of Equations for Traditional Cost Estimation.

Cost = Materials + Labor Cost - (1 + BURDEN) + Tooling

Part Weight - Material Price
(1 - Scrap)

Material Cost =

Labor Cost = CycleTime - Labor Wage
BURDEN = Other Costs (Depreciation, Energy, Indirect Costs)

Tooling = Cost of Tooling and Setup

4.2 TECHNIQUES FOR COST ANALYSIS

There are many methods available today to analyze the cost of products. They
are broadly categotized into three methods: traditional cost analysis, activity-
based cost analysis and technical cost modeling.

4.2.1 Traditional Cost Analysis

Traditionally, the task of cost analysis has been delegated to accountants, who
are more familiar with the financial rather than the manufacturing aspect of a
product. Traditional cost accounting systems, invented in the early 1900s,
typically calculate the cost of a product based upon the labor content required for
the product. Burden or overhead then is added to the product as a percentage of
direct labor (or touch labor). Table 4-1 shows an example of the equations used
in traditional cost estimation, and Table 4-2 shows an example of how burden
or overhead rate is estimated [2].

In multi-step operations, the cost of a product is the sum of all the unit
operations, each of which is estimated from the labor hours and materials
required, adjusted by yield. Table 4-3 shows an example of the traditional cost
analysis as applied to the assembly of a MCM [3]. In Table 4-3, the total
material cost per module is $4,214.84 and total labor hour is 10.66 hours.
Assuming that the overhead is 500% of direct labor cost of $12/hr, the total
variable cost per module is $4,854 ($4,214.84 + 10.66 x $12 x 500%).

Traditional cost analysis works well when labor cost is the most influential
cost driver. As manufacturing becomes more complex and automated, labor cost
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Table 4-2 Variable Burden Calculation.

General Ledger Monthly Costs

# tem ate aterials _ Labor Energy ... ($000) (%)
1 Memory Chips  1/1/90 1 $200,000 Direct Costs
2 National Electric  1/1/90 !l $5,000 Materials $320 60.2%
3 Resistors  1/5/90 1l $30,000 Direct Labor $56 10.5%
4 Circuit Boards 1/10/90 It $90,000 Energy $11 2.1%
S National Electric  1/15/90 It $6,000 Depreciation Costs
6 Monthly Salaries 1/31/90 Il $50,000 Equipment $108  20.3%
7  FICA Payment 1/31/90 1 $6.,000 Building s 37 10%

$320,000 $56,000 $11,000 $532 100.0%

Variable Burden = "Other Costs" ($11+$108+$37) / Labor Cost ($56) = 279%

Table 4-3 Traditional Cost Analysis for Assembly of MCMs.

Assumptions Water Cost $4,000

Substrate Cost $313

Glue Logic Die Module 29 Packaged/Lid Cost $234

VLSI Die/Module 12 Passive Cost $0.85

Sub. Test Socket Cost 300 CostlLogic Die $1

Good Die /VLSI Wafer 40 PassivesModule 25

Lab. Hrs./{ Mat'ls/ Yielded Yielded

Task Module Module Yield Hrs/MOD Mat'l/MOD
Attach Glue Logic 0.50 $342.00 99% 0.56 $386.20
Wirebond Glue logic 1.00 99% 1.12 $0.00
Logic Test/Repair 0.50 $1.90 96% 0.55 $2.10
Passives Attach 0.50 $21.00 100% 0.53 $22.31
Attach VLSI Devices 0.12 $1200.00 99% 0.13 $1,274.98
Wirebond VLS| Devices 0.60 99% 0.63 $0.00
VLSI Test/Repair 3 $1110.00 97% 312 $1,155.89
Scrap 3 $1137.00 100% 3.00 $1,137.00
Substrate-Pkg Attach 0.50 $234.00 100% 0.51 $236.36
Wirebond 0.20 100% 0.20 $0.00
Bond Monitor 0.10 100% 0.10 $0.00
To/From Test 99% 0.00 $0.00
Package Seal 0.20 100% 0.20 $0.00
Environmental Test 0.00 100% 0.00 $0.00
To Test 99% 0.00 $0.00
| Subtotal 10.66 $4,214.84
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becomes a smaller and smaller percentage of the total cost, while overhead
becomes a larger and larger percentage. In fact, it has been reported that direct
labor cost may be as low as 10% of product cost today [3], and yet more than
75% of the cost reduction effort reported was directed towards reducing labor
cost. Since overhead typically is spread across the company or department
arbitrarily, the cost calculated using such a method can be misleading [4]-[7].

Consider the case of a product manager trying to reduce the cost of a
product using traditional cost accounting. Since the cost of the product is tied
to direct labor, his or her first instinct is to reduce labor, which is equivalent to
increasing throughput. By purchasing more automated equipment, the direct
labor, and hence product cost, can be reduced. But a few months later, the
overhead for the department increased because of the investment in the new
equipment,

While the example is simplistic, it does illustrate how traditional accounting
methods can mislead management decisions. Other shortcomings of traditional
cost accounting methods include an insensitivity to production volume, tooling
cost and other important manufacturing parameters. More important, it is
difficult to justify approaches, such as Just-In-Time (JIT) manufacturing where
inventory is kept to a minimum, Computer Integrated Manufacturing (CIM),
manufacturing flexibility or automation using a cost estimation method based
upon labor [8].

4.2.2 Activity-Based Cost Analysis

One way to overcome the problem is through the use of activity-based cost
accounting (ABC) which traces costs to products according to the activities
performed on them. The basic steps in establishing an activity-based cost system
are listed below [9]:

Relevant activities (receiving, production, etc.) are identified.
Activities are organized by activity center.

Costs of the activities are determined.

A “cost driver” or allocation basis that relates the consumption of
activities by product is identified.

el el i

Table 4-4 compares the allocation bases for the traditional and ABC systems
{1]. In Table 4-4, the cost of purchasing is allocated to a product based upon the
number of purchase orders (POs) issued for the product instead of the usual labor
hours allocation. In this way, a product requiring multiple parts, and hence
multiple POs, will cost more than one with fewer parts. Similarly, the cost of
production setup is allocated based upon production changeovers rather than
1abor hours to better reflect cost.
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Table 4-4 Allocation Bases for Traditional and ABC Systems.

INDIRECT COST TRADITIONAL ABC
Production Control Labor hours Parts planned
Inspection Labor hours Inspection
Warehousing Labor hours Store receipts and issues
Purchasing Labor hours Purchase orders
Receiving Labor hours Dock receipts
Production Steps Labor hours Production change overs

The key feature of ABC is that it indicates what products, customers,
processes and product attributes create overhead cost. Since only traceable costs
are controllable, the biggest benefit of using ABC is overhead control. ABC also
can be used for cost justification for automation, total quality management
(TQM) and just-in-time (JIT) manufacturing.

While ABC clearly improves the accuracy of product cost estimates, it has
been argued that ABC may not be appropriate for strategic planning because it
is an accounting system designed primarily for external financial reporting
purposes [10]. In strategic planning and product design, it is important for
managers to understand how manufacturing processes and technologies affect
product design and cost. One way to do this is through the use of Technical
Cost Modeling (TCM), a concept developed at M.L.T. [11]-[12].

4.2.3 Technical Cost Modeling

Unlike ABC, which is an accounting system, TCM is a process-based model
which simulates the manufacturing operations to estimate cost. Thus, it is an a
priori cost model based upon manufacturing simulation, rather than an ex post
cost model based upon historical accounting data. As such, it can be used to
estimate cost for hypothetical processes and product before actual production,
and in designing the product for minimum cost (design-for-manufacturability).

Technical cost models can be probabilistic (stochastic) or deterministic. A
probabilistic model requires the key input variables to be specified as probability
distribution. Since the distributions are rarely vigorously measured, they are
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frequently assumed to correspond to common analytical functions, for example,
uniform, Gaussian, Poisson, Weibull. The simulated cost in this case also is a
distribution that results from the interaction of the random input variables. A
deterministic model replaces all the distribution of the input variables with the
expected value and calculates the expected value of the output variables. This
results in a computationally more efficient analytic model.

4.3 TECHNICAL COST MODELING

TCM, also known as process-based cost modeling, is an extension of engineering
process modeling with particular emphasis on capturing the cost implications of
process variables and economic parameters. It approaches cost estimation by
considering the individual elements that contribute to total cost. These individual
estimates are derived from basic engineering principles, from the physics of
manufacturing process and from clearly defined and verifiable economic
assumptions. Since the cost estimates are grounded in engineering knowledge,
critical assumptions, such as processing rates and materials consumption, interact
in a consistent and logical manner to provide an accurate framework for
economic analysis. Technical cost modeling can be tailored to a wide range of
operating conditions, thus enabling new processing options to be investigated
without extensive expenditures of capital and time.

A technical cost model does not make any assumption about the overall size
of the operations. It assumes the existence of a facility capable of producing a
specified number of products. In that regard, the cost model is a priori model
which allows cost estimation before the product is actually made; it does not
attempt to model any existing facility, although it can be modified to do so when
necessary.

One advantage of TCM over simpler cost estimation techniques is that it not
only provides an estimate of the total cost and its breakdown, but it also supports
sensitivity analyses, which allow the cost consequences of yield, process rates,
multi-shift operations, equipment utilization, downtime and other process
variables to be investigated. Technical cost models have been used to prioritize
investment, optimize designs, evaluate alternative processes and direct efforts at
cost reduction and yield improvements.

4.3.1 Principles of Technical Cost Modeling
A technical cost model can be developed on any spreadsheet program and its

general layout is shown in Figure 4-1. The power and flexibility of using a
computer spreadsheet facilitates rapid data storage, data manipulation and output
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Figure 4-1 Layout of technical cost model.

recalculation. The models are composed of three distinct sections: inputs,
intermediate calculations and cost summaries.

The input section of the TCM is divided into four segments: product
specifications, exogenous cost factors, process-related factors and materials
database. Product specifications vary depending upon the material and geometric
configuration of the part being modeled. The exogenous cost factors reflect the
economics of the work place and therefore vary with time and location. Process
related factors are used to embody the mechanics of the process as it exists in
industry. The final group of inputs, the materials database, contains currently
available materials, their prices and properties and other material specific
information.

The intermediate calculations sections display internal calculations for each
unit operation in the process. The cost summary sections present a breakdown
of cost into the variable and fixed cost elements. Variable cost elements include
materials, utilities, direct labor and variable overhead, while fixed cost elements
include capital equipment, tooling and fixed overhead. A detailed description of
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the estimation of fixed and variable cost and the methods for distributing them
over the total number of components manufactured can be found in Busch [11].
The key principles of technical cost analysis are:

1. The total cost of a process is made up of many contributing elements
that can be classified as either fixed or variable, depending upon
whether or not they are affected by changes in the production volume.

2. Each cost element can be analyzed to establish the factors that affect its
value. Depending on the process, the factors that affect cost may differ.
For example, the firing time of a ceramic is dependent upon the
material, while the screen printing time may not be affected by material.

3. Total cost can be estimated from the sum of the elements of cost for
each contributing process. TCM essentially reduces the complex
problem of cost analysis to a series of simpler estimating problems, and
brings engineering expertise, rather than intuition, to bear on solving
these problems.

Although a technical cost model embodies a number of simplifying engineering
assumptions, the level of technical detail in the model far exceeds that of other
more common cost estimation techniques. By improving the engineering
analysis, one may improve the cost estimate further, but there are limits to the
value of such modifications, as shown in Figure 4-2. Figure 4-2 shows that
while a very accurate cost simulation model may produce minimum errors, its
development and maintenance cost far outstrip its potential benefits.

While the ability to estimate production costs on the basis of a set of
manufacturing and engineering assumptions is an attractive consequence of
constructing a technical cost model, it is the framework for the calculation that
provides the greatest benefit. By enforcing a discipline upon the cost estimating
process, a consistent and easily justifiable cost estimate can be rapidly computed.
Furthermore, the consequences of alternative processing and engineering
assumptions can be evaluated on a consistent basis.

4.3.2 Applications of Technical Cost Modeling
Technical cost models can be applied to any manufacturing process. Because it

is derived from manufacturing data, it is easy for engineers to understand and
use. It has been successfully applied to the automotive [11]-[12], aerospace [13],
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Figure 4-2 Optimization of cost simulation.

recycling [14] and electronics industries,. TCM can be used to accomplish the
following tasks:

» Estimate costs of products for guiding price quotation

+ Establish direct comparisons between process alternatives

» Investigate effect of changes in manufacturing on overall cost
* Identify limiting process steps and parameters

*  Determine the merits of specific process improvements

*  Compare the merits of functionally equivalent designs

*  Identify areas for future R&D

The next section presents some results on the estimation of cost for printed
wiring boards, thick film and cofired substrates, thin film MCM and the cost of
assembly and testing to illustrate the application of TCM to electronics
packaging. It must be emphasized that the results presented are intended to
show the application of the models and the impact of materials and packaging
technologies. The results encompass a large number of implied assumptions
which are specific in the context they were analyzed and should not be taken as
broad based cost projections.
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4.4 RESULTS OF TECHNICAL COST MODELING

4.4.1 Printed Wiring Boards

One of the first areas of application of TCM to electronics packaging was in the
area of printed wiring boards (PWBs) [15]. In this section, only high density
multilayer boards are discussed; the cost of double sided boards is reported
elsewhere [16].

One of the issues facing the engineer is the tradeoff between the cost and the
density of the board [17]. In the design of a PWB, it is possible to decrease the
layer count by increasing the per layer interconnect density of the board.
Suppose a board requires a total interconnect density of 120 in/sq. in. Using 7
mil lines, 2 lines per 100 mil grid, six signal layers are required. Alternatively,
using 5 mil lines, 3 lines per 100 mil grid, only four signal layers are required.
Assuming that one ground and one signal is required, the two alternative board
configurations require an eight and six layer boards respectively.

Faced with these options, the design engineer needs to know the economic
impact of the two designs. This can be accomplished by using the PWB
technical cost model to simulate the production of the two boards. Figure 4-3
shows the cost of a finished board for both options as a function of both panel
and inner layer yield, assuming a board size of 8.5" x 9.5". The top curve shows
the cost of the eight layer board at an inner layer yield of 90% and the two
shaded curves refer to that of the six layer board at different inner layer yields.

Figure 4-3 shows that the cost of the 7 mil line, eight layer board at 90%
inner layer and overall yield is comparable to that of the 5 mil line, six layer
board at 80% inner layer and 85% overall yield. It is expected that both the
inner layer and panel yield for the two boards would be different in actual
production, but the technical cost model allows the designer to find the
breakeven point for each board. Alternatively, if yield as a function of the
process capability of individual steps is available and coded into the technical
cost model, the model will estimate the overall yield and the expected cost of the
board for the designer.

Another common dilemma is the specification of materials. While epoxy
glass is the cheapest option, its low glass transition temperature (T,) limits the
repairability of the board during assembly. In the case of boards populated with
expensive components, repairability is very important. Several materials with
higher T, are available, but they are all more expensive. To investigate the cost
penalty of using different materials, the technical cost model is used to simulate
the manufacturing cost of the same board using different laminates, taking into
account the differences in processing parameters such as drilling, oxide treatment,
lamination time, and others for different materials.
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Figure 4-3 Cost tradeoffs between layer count and line width in PWBs.

Figure 4-4 shows the cost of the same eight layer board using different
materials simulated using the technical cost model. At $2.50/sq. foot for the
laminate, epoxy glass is the cheapest material. Using bis-maleimide triziane
(BT) at $6.50/sq. foot, the same board would cost 25% more at the same yield.
Finally, if polyimide (highest Tg) is used, the cost of the same board goes up by
60%, assuming an 80% overall yield due to the difficulty of processing
polyimide. In all cases, although the raw material cost may be 2 to 4 times more
than epoxy glass, the difference in the cost of the finished board is less than
100%. Thus, using raw material cost as the basis of material selection is very
misleading.

In the analysis of the cost of the board using different materials, it was
found that the cost penalty of going to a higher Tg material is not prohibitive.
Therefore, in the case of expensive components mounted onto a circuit board, the
use of a higher T, material to ensure the success of rework may be well worth
the additional board cost. Again, the PWB technical cost model allows these
tradeoffs to be quantified. Of course, there are other performance variables, such
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Figure 44 Effects of different materials on board cost.

as dielectric constant, CTE, dimensional stability, moisture adsorption, which
must be considered in selecting an optimal board material.

Aside from density, another design option that has attracted much
controversy is the use of buried vias. By providing an internal path to an
adjacent signal plane, the use of buried vias can significantly improve the
routability of a PWB design, thereby reducing the total number of signal layers
required. There are, however, ramifications to buried via boards. Considerable
additional plating and drilling time is required, since each signal layer must be
drilled and plated, then printed and etched prior to lamination of the final board,
which is again drilled and plated, printed and etched. Because these yields are
cumulative, they can increase cost rapidly if not well controlled.

The PWB technical cost model has been used to assess the tradeoffs between
through holes and buried vias [18]. In a case study using a board for a computer
application (see Figure 4-3), the cost of a 22 layer PTH board is compared to an
equivalent 18 layer board with 2,310 buried vias per laminate on three inner
layers. Figure 4-5 shows that there is a broad range of yield for which the
buried via construction might be cost competitive with the PTH board.
Therefore, if the attainable yield of a buried via board in a specific facility falls
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Figure 4-5 The cost impacts of buried vias in PWB.

within the shaded region, the designer can switch to the buried via construction
without paying a cost penalty. Conversely, if the indicated yield is not
achievable, the designer must decide if the improved performance is worth the
additional cost.

4.4.2 Thick Film Substrates

Thick film technology was originally developed to interface and interconnect
bare ICs on a hybrid circuit, which is essentially a multichip module. As chip
density and complexity increase, the need for higher density and reliability in
thick film boards has resulted in the development of better pastes and tighter
process control. It now is possible to produce multilayer thick film substrates
with 2 - 3 mil lines, although most thick film circuits produced today have line
widths in the range of 6 - 10 mils.

Traditionally, thick film substrates are believed to be an expensive option
particularly when compared to PWBs. However, studies have shown that they

Elm Exhibit 2162, Page 175

msgalica@mintz.com



RESULTS OF TECHNICAL COST MODELING 147

Table 4-5 Cost Breakdown of SEM “E” Thick Film Substrate.

—

| | COST | PERCENT (%) I

Materials $59 32
Labor 66 36
Overhead 20 11
Capital Equipment 13 7
Utilities 13 7
Tooling 13 7
Total $184 100%

can be a cost effective option in some applications. Because of the small size
of the thick film market and the fact that it is heavily military, the cost of
multilayer thick film varies widely. In this section, some general cost results are
discussed.

A six metal layer circuit 4" x 5" with 10 mil copper circuitry (SEM “D”
format) is selected for detailed cost analysis. There are approximately 2,000 vias
of 12 mil diameter per layer. The circuit has been fabricated in the industry and
prices are available on these circuits. Using a thick film TCM and assuming an
overall yield of 90%, the cost of the SEM “D” circuit with copper conductors
is simulated and the cost breakdown is shown in Table 4-5.

Table 4-5 shows an estimated cost of $184 for the circuit, which translates
into $1.53 /sq. in. per layer. Product materials comprise a hefty 32% of total
cost, and labor makes up 36%. Note that the tooling in the model refers to the
screen mesh and other tools; it does not include artwork generation or test
fixtures for the circuit. For comparison, quotations obtained from the industry
indicated a price range of $600 for a SEM “D” circuit. While this price is three
times that estimated by the model, it is not surprising because of the levels of
engineering support required for a military specification board and, of course,
profit, risk premium and corporate overhead, all of which are not included in the
TCM. The model estimates the production cost for the circuit, not the price at
which it can be bought in the market,

The materials used for the thick film circuit affect the processing parameters,
While different materials suppliers recommend different processing parameters
for their materials, the main difference in processing is the type of atmosphere
used for firing. The firing atmosphere is dictated by the type of conductor used:
gold and other noble metals can be fired in air, but copper requires nitrogen
firing,
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Figure 4-6 The cost impacts of conductors for thick film substrates.

Figure 4-6 shows the effects of conductor choice on the cost of the finished
circuit as a function of yield. Since gold paste is 25 times more expensive than
copper paste, raw material makes up about 68% of the total cost of the gold
circuit, compared to only 26% for the copper circuit. At 90% yield, the gold
board costs three times more to manufacture than the copper board.

4.4.3 Cofired Multilayer Substrates

Multilayer cofired ceramic technology has been used for microelectronics
packaging since the 1950s. For MCM applications, two types of substrates have
been evaluated: high temperature cofired ceramics (HTCC) and low temperature
cofired ceramics (LTCC). In HTCC, the alumina green tape used has to be fired
at above 1500°C, which allows only refractory metals such as tungsten and
molybdenum to be used as conductors. This results in a circuit with high
electrical resistance, which may not be suitable for high performance circuits.
To overcome these shortcomings, newer materials that alleviate the requirement
for refractory metals have been developed. These materials, called glass-
ceramics, require a much lower firing temperature (800°C - 900°C), allowing
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Table 4-6 Cost Breakdown of HTCC and LTCC.

COST | HTCC (%) | COST | LTCC (%)

Materials $16 41 $57 82
Labor 5 14 5 8
Capital Equipment 13 31 5 7
Overhead 3 8 1 2
Others 2 6 1 1
Total $39 100% $69 100%

noble metals such as gold, silver/palladium, and even copper, to be used in the
circuit.

The incorporation of a new technology, however, often comes at a price.
Currently, the cost of green tape for LTCCs is very high. Additionally, the yield
of the finished circuit is highly uncertain at this time due to the small volumes
in production today. Given the differences in processing parameters and the
uncertainties in yield and material prices, it is difficult to assess the economic
competitiveness of LTCC, but such an assessment has important implications for
users and manufacturers of cofired substrates [19].

To analyze the economics of LTCC versus HTCC, a hypothetical substrate
2.5" x 2.5" with an eight metal layers for a MCM is used. It is assumed that the
substrate has 8 mil lines and spacing, and there are an average of 800 8 mil vias
per layer. It is assumed that both the finished HTCC and LTCC circuits have
the same set of circuit attributes as listed in Table 4-6, and four circuits are
produced on one 8" ceramic card (4-up). It is further assumed that the HTCC
system uses alumina green tape with tungsten conductors and the LTCC system
uses glass-ceramic tapes with silver/palladium conductors.

Using the circuit as the basis for cost simulation and making optimistic
assumptions about production volume (10,000 per year) and conductor yield
(95%), the cost of the HTCC circuit is estimated to be $39 ($0.80/sq. in. per
layer). The cost breakdown (Table 4-6) shows three major elements: materials
(42%), capital equipment (31%) and, to a lesser extent, labor (14%). Using the
same circuit attributes, the cost analysis for LTCC circuits yielded a total cost
of $69 (31.40/sq. in. per layer). The overwhelming cost is in the product
material (82%). From this cost breakdown, it is apparent that the material cost
should be the first focus of any cost reduction efforts.

From Table 4-6, it is apparent that HTCC substrates are cheaper to produce
at this time. However, it must be emphasized that the assumptions used for the
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Figure 4-7 The impact of cost on the volume and yield for thin film MCMs.

analysis of LTCC represents industry averages for today. These assumptions,
including material prices, yield and even the types of conductors used, are
expected to change as the technology matures.

4.4.4 Thin Film MCMs

In the past few years, thin film MCM technology (MCM-D) has become the
focal point of the electronics packaging industry. Currently, the cost of thin film
MCM substrates is quite high, ranging from $40 to $70/sq. in., but has been
predicted to fall to around $14/sq. in. in 1993 [20].

The biggest cost drivers for thin film MCMs are volume and yield [21].
Figure 4-7 shows the volume-yield relationship as generated using information
collected from the manufacturers, material suppliers and equipment
manufacturers. Figure 4-7 shows that the cost of fabricating thin film MCMs
will level off at $30/sq. in. at high volume and reasonable yield for most
manufacturers using current materials and processing technologies. However,
that does not mean that the prices will not fall below $30/sq.in. in the future.
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With improved materials and processing technologies, the cost should come
down even further.

To better understand the potential for cost reduction, consider the cost
breakdown of a high volume, high yield substrate [22]. Using a five metal layer
substrate as the basis, the cost breakdown shows that capital equipment is the
largest cost element, making up 45% of the cost of the circuit. This analysis
assumes that all of the equipment is new and uses the capital recovery formula
(similar to loan payment calculations) as the basis for distributing capital cost.
Materials use makes up 21% and labor makes up 17% of total cost. In terms of
processes, metallization makes up 46% of the total cost, while polyimide
deposition and via formation takes up another 30%. From this cost breakdown,
it is apparent that improving the metallization technology should be the first
focus in any cost reduction efforts, with polyimide deposition and via generation
coming a close second.

It has been reported that using photosensitive (PS) polyimide to generate
vias can reduce the number of processing steps. However, the cost of PS
polyimide is high and the yield may be low. Thus, the question as to whether
the use of PS polyimide is economical depends on the tradeoff between material
cost, processing parameters and yield, assuming that the performance of both
dielectrics is acceptable. Figure 4-8 shows the cost of a finished circuit as a
function of the cost of a polyimide, assuming an overall yield of 80% and high
volume production [23]. The darkened lines show the current price range for
photosensitive and non-photosensitive polyimides. Given the current price range,
the use of PS polyimides does not result in any cost savings at the same yield.
If, however, the prices of PS polyimides were to fall below $1.20/g, it could
become cost competitive.

4.4.5 Cost of MCM Assembly

In the design and fabrication of the MCM, the chip-to-substrate connection
technology is an important consideration. Unfortunately, there is no universal
connection technology suitable for all applications. The connection choice
depends upon a myriad of factors, ranging from the requirements of the
application to the internal manufacturing and design capabilities. Currently,
many of the high density MCMs produced are prototype modules, and wire
bonding is favored in these applications. However, as these companies move
from prototype to production, the choice of connection technology and its impact
on the cost of the finished module will become critical to both the users and
manufacturers of these MCMs.

In surveying the industry, little consensus was found in several critical
parameters in chip assembly: chip yield, bond yield, repair and testing cycle time
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Figure 4-8 Substrate cost versus cost of polyimide (photosensitive and nonphotosensitive
polyimides) for thin film MCMs.

and yield, and nonrecurring engineering (NRE) cost. This is an indication of the
immaturity of the industry at large. Therefore, this section shows specific results
and a sensitivity analysis for a given set of assumptions; the results are not
intended to be representative of the industry.

The cost of assembly for any module, as presented in this analysis, is the
sum of the cost of all the chips, the cost of bumping the chips and mounting
them onto a TAB frame, if necessary, the cost of all the necessary materials
(enclosures, adhesives, wires, TAB tapes, scrap), the cost of the assembly process
(wire bonding, TAB and flip chip), the cost of electrical testing (functional
structural test), the cost of repair and rework, and the cost of final inspection.

In this analysis, two cases of chip technologies are assumed: state-of-the-art
and mature chip. When mature chips are used, the test escape rate (a defective
chip not detected by testing) is low because the design and process are proven.
When using state-of-the-art chips, however, the test escape rate can be very high.
In this case, the use of TAB to pre-test and burn-in the chips can reduce the test
escape rate and lower the cost of rework. The assumptions used for this analysis
are discussed elsewhere [24].

Elm Exhibit 2162, Page 181

msgalica@mintz.com



RESULTS OF TECHNICAL COST MODELING 153

Using a chip assembly technical cost model and the assumptions listed in
Table 4-7 with mature chip technology, the cost breakdown for an MCM using
wire bonding and TAB is tabulated in Table 4-8. As expected, the cost of the
chip (at 85% of total cost) dominates the cost of the finished module. There is
only a small percentage of difference in the connection costs between TAB and
wire bonding when mature chip technology is used. Therefore, the connection
choice in this case should not be driven by cost alone, but rather, the capability
of the manufacturers and future requirements.

However, if state-of-the-art chips with a higher test escape rate are used, the
use of TAB mounting reduces system cost substantially. Assuming that chip
costs remain constant and the percent of known good die is improved from 60 -
95% for the ASICs and from 85 - 98% for memory devices, the cost of the same
module is $223 lower when using TAB. The cost savings results from the need
for less rework or repair and fewer scrapped chips.

The assembly cost module can be also used to investigate the effects of yield
per bond on overall cost. The results of the cost breakdown for the different
connection schemes as a function of yield per bond is shown in Figure 4-9. At
99.95% yield per bond for TAB, the cost of the system is estimated at $2,700.
At the same yield, wire bonding is expensive. However, if the yield of wire
bonding is 99.98%, the cost of TAB and wire bonding become comparable.

4.5 APPLICATIONS TO SUBSTRATE SELECTION

Thus far, this chapter has presented an extensive analysis on the cost of different
substrates under a specific set of assumptions. For example, it is estimated that
the cost of a thin film MCM will level off at $30 sq. in., for a given
manufacturing line, while the current cost of a 22 layer PWB is $7/sq. in. While
this information is useful, it does not provide a common metric for substrate
technology selection; a design implemented on thin film MCM is likely to be
smaller than the same system on PWB.

To compare different substrate technologies, it is necessary to reduce all the
different packaging technologies to a common metric. Some common metrics
suggested in the industry includes cost per interconnection density [25] and cost
per substrate pad [20]. An example of the price/density plot is given in Figure
3-6 where the vertical axis is the cost/sq. in. and the horizontal axis is the
available density in in./sq. in. The plot has been used in a number of tradeoff
studies of packaging methods.

While these price/density metrics are very useful for general macroscopic
comparison, they may not be a good selection tool at the microscopic level when
actual design constraints are considered. TCM can be applied to substrate
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Figure 4-9 The impact of cost on the bond yield of MCMs for TAB and wire
bonding.

technology selection when actual design constraints are available. Before the
cost models can be used, however, it is necessary to have a procedure to translate
a design from one scheme (such as DIPs on PWB) into another (bare chips on
ceramic substrate), given a set of constraints and assumptions for each packaging
scheme.

A simple way to do the translation is to first set the area so that it can
accommodate the required chips, with a suitable space provided for the leads.
The number of layers is then calculated so that the routing density is the same
in each option [26]. These results then can be fed into the different substrate
technical cost models for substrate cost estimation.

As an example, consider a system consisting of two 4.9" x 4.6" piggy-
backed PWBs using through-hole packages on one side, and surface mounted
discrete components on the other side. The two boards each use 10 mil lines and
have 10 and 8 layers respectively. Table 4-9 estimates and tabulates the
requirements of the same system using different packaging schemes and needing
the same area for the die, the discrete components and the unpopulated area.

Table 4-9 shows that it is possible to reduce the two boards into one board
of the same size by using surface mounted devices (SMDs) on both sides. For
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Table 4-9 Attributes of Different Substrates for Cost Comparison.

L PWB THICK FILM THIN FILM J
Length (in.) 49 49 33
Width (in.) 4.6 4.6 33
Line Width (mils) 7 8 1
Via Pitch (mils) 100 16 4
Pad Layers 2 1 1
Total Layers 10 4

this example, it is assumed that the original board size is preserved for
compatibility reasons when using thick film substrate and PWBs. In the case of
a thin film MCM, it is assumed that bare chips are used instead of SMDs. The
minimum required size is 3.3" square, and only four metal layers are required
because of the high connectivity of thin film MCMs.

Using the attributes listed in Table 4-9, the costs of the different substrates
estimated by the technical cost models are plotted in Figure 4-10. Note that
because yield varies greatly from one facility to another, it is used as a variable
in the figure with the darkened sections indicating the expected yield ranges. In
Figure 4-10, there are two curves for the PWB, one using polyimide (PI) and the
other using epoxy glass (FR-4). The curve for the thick film substrate is for
copper conductors.

Figure 4-10 shows that the lowest cost option is achieved by using
conventional PWB technology. However, if CTE mismatch is a problem, then
epoxy-Kevlar or copper-Invar-copper boards may have to be used. In that case,
ceramic boards, at 2 to 3 times the cost of conventional boards, may be
attractive. Although the bare chip on thin film option offers greater potential for
improved performance, it is considerably more expensive given the yield and
volume levels existing today. However, the thin film substrate can be cheaper
than thick film with gold, if its yield is better than 65%. Conversely, thick film
with gold is cheaper if its yield is better than 76%. As can be seen in this
example, the competitive position of each substrate technology is very dependent
on the design constraints and manufacturing, especially yield.

Once the cost of substrates has been estimated, the cost of assembly and
backplanes also can be estimated to provide the cost at the system level. This
approach not only provides a good framework for cost comparison of different
packaging options at the design phase, but it also allows the designer to
understand what drives the cost in each of the packaging options, leading to
improved and more economical design.
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Figure 4-10 Example of cost of different substrates.

4.6 DESIGN ACTIVITY-BASED COST MODELING!

In Section 4.2.3 technical cost modeling was defined as a cost model based on
a simulation of manufacturing operations. Doing this requires detailed
knowledge of those operations. Many applications design companies do not
manufacture the components themselves and, thus, do not have sufficiently
detailed knowledge. The manufacturing costs are determined by the prices set
by the vendors who manufacture their parts for them. Their total cost also
includes the cost of supporting design, prototyping, vendor interfacing and
customer support. Such companies need a design-based, not a manufacturing-
based cost model.

It is worth noting that an applications company might have valid use for a
manufacturing activity-based TCM. If such a model includes a set of good
assumptions about cost, then it can be used to form a first estimate of the cost

! Contributed by Paul D. Franzon
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Table 4-10 Cost Elements that Comprise a Design Activity-Based Cost Model.

Recurring Manufacturing Costs

R1 Substrate Cost = Panel Cost/Number of substrates per panel

R2 Cost per part of other components: heatsink, connectors, frame, box,
etc.

R3 Chip cost (might be untested, partially tested or fully qualified)

R4 Cost of TAB frame

RS Cost of assembly for each subsystem

R6 Cost of testing each subsystem

R7 Percentage of test escapes and assembly-related failures

R8 Average cost, per part, of rework

RO Final subassembly yield

R10 Cost of components of higher levels of packaging (hermetic seals, MCM}
PWB connectors, PWBs, backplanes, cabinets, etc.)

R11 Cost of assembly for system

R12 Cost of test for system

R13 Percentage of assembly-related failures

R14 Average cost, per system or rework

R15 Final system assembly yield

Nonrecurring Design and Prototyping Costs

N1 Designer time for analysis and design

N2 Management and support staff time including time spent on vendor
interfacing

N3 Cost of computers, CAE/CAD tools, other design equipment as
apportioned to project

N4 Cost of offices, electricity, etc.

N5 Designer time for generating test plan

Né6 Time to debug prototype and improve design for manufacturing

Recurring Post-Production Costs
P1 Customer support services and repair
P2 Impact on customer satisfaction

for different alternatives without having to obtain detailed vendor quotes. It also
might be useful when vendor cost information is uncertain. For example, current
vendor pricing of thin film MCMs do not anticipate the future improvements
discussed in Section 4.4 above, Also, current vendor pricing of bare chips is
uncertain. Knowing the basis for these costs would allow a designer to anticipate
future prices and also would provide bargaining power.
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The inputs that are needed to construct a design activity-based cost model
are given in Table 4-10. There are three types of inputs in this model: recurrent
manufacturing costs, nonrecurrent design and prototyping costs, and recurrent
post-production costs. Recurrent costs are incurred for each unit manufactured.
Nonrecurrent costs are incurred only once for each design or sometimes for a set
of designs.

Most of the recurring manufacturing costs (R1-R15) are obtained from
vendor quotes and require the provision of preliminary design information (such
as layer count, feature size, production volume). The most straightforward way
to investigate alternatives is to obtain quotes from vendors for these alternatives.
One approach to generating this preliminary design information for different
substrate technology alternatives was given in Section 4.5. Often, technology
decisions (such as selecting from substrate alternatives) can be made on the basis
of rough cost estimates which are themselves based on rough design data.

Typical current high-volume quoted prices for different substrates are given
in Table 4-11. Such quoted prices usually include the expected effect of yield.
A proviso is needed, however, when working with this type of data. Despite the
mainly per unit inch prices shown in Table 4-11, vendors actually work in terms
of the cost per complete panels (or complete substrate), not the cost per part.
For example, PWBs typically are made in 24" x 18" panels, usually of which
22" x 16" is usable usually. MCM-Ls are made in smaller panels. Cofired
MCM-Cs are made in 9" squares (which shrink by 15 - 20% during firing).
MCM-Ds usually are made in 5" or 6" diameter wafers or “rounds.” It is up to
the designer, in conjunction with the vendor, to maximize the number of
individual components manufactured on each panel or wafer. If N components
are made, the number of parts per panel often is referred to as “N-up.” The
prices given in Table 4-11 were generally rough panel per unit area prices. They
do not include the effect of wastage if all of each panel cannot be used.

There are other components besides the substrates, including the chips,
connectors, heatsinks, power supply, frames, boxes. It is straightforward (though
sometimes time consuming) to obtain vendor quotes for all the physical
component alternatives being considered.

Some of the recurring costs, such as test cost and rework need might be
difficult for the vendor to estimate when presented with only preliminary design
data. it might be necessary for the designer to estimate these cost factors and
work with the vendor to estimate their impact. This can be done by using
Equation 3-16 in Chapter 3, repeated here:

MC + TC + (P(TE) + P(AF)) x (RC + ATC)
Final Yield

Final Cost =

@1
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Table 4-11 Some Typical Vendor Substrate Prices.

TYPICAL COST TYPICAL
TECHNOLOGY ($ PER SQUARE INCH) PANEL SIZE

PWB 5-6 mil lines

2 layers $0.1 24" x 18"

Each additional layer pair $0.2
MCM-L per layer $1.50 12" x 18"

3 mil lines

12 mil PTHs
MCM-C (cofired) 4 mil layers

6 layers $15 - $20 9" x 9"

10 layers $25 - $30 9" x 9"

30 layers $50 - 875 9" x 9"
MCM-D

5 layer $400-$500 per round 6" diameter ronnds

where MC is the total IC and MCM manufacturing cost, TC is the total IC and
MCM test cost, P(TE) is the test escape probability, P(AF) is the probability of
an assembly fault, RC is the rework cost and ATC is the cost of retesting the
assembled substrate.

The cost model in Table 4-10 assumes a two step process: MCM assembly
and test, followed by system assembly and test. Thus, in Equation 4-1, the
manufacturing cost MC for the MCM assembly is the sum of R1 to RS, and the
manufacturing cost for the system is the sum of R10 and R11. Many
manufacturing processes would be expected to have more than two steps.

The design costs (N1 to N6) are nonrecurring costs. Designer time has to
be estimated upfront in the design cycle. This is a difficult task, particularly
given the propensity of some managers to underestimate how long it takes
someone else to do something. An example of the impact of the design time
(and incidently manufacturing cost) for different cooling approaches is given in
Table 4-12,

Also contained in the model are two post-production cost elements: customer
service costs and the cost impact of customer satisfaction. These were discussed
in Chapter 3 in terms of maintenance, reliability and repair. To estimate these
costs, reliability models and maintenance effort models are necessary. With the
use of these models, it is possible to judge the life cycle cost impact of
maintenance, repair and replacement.

Elm Exhibit 2162, Page 189

msgalica@mintz.com



DESIGN ACTIVITY BASE COST MODELING 161

Table 4-12 Impact of Different Cooling Techniques on Design Time and Production
Cost per Part for a Signal Processing MCM. (Courtesy E-Systems, Melpar Division.)

TECHNOLOGY I ANALYSIS DESIGN PROCURE MATERIAL

Natural convection
with no finned
heatsink

Natural convection

with finned heatsink 120 hours 40 hours 40 hours $25
Forced air convection

with no finned 80 hours 20 hours 10 hours $100
heatsink

Forced air convection
with finned heatsink 120 hours 70 hours 40 hours $200

Liquid cooled 160 hours 100 hours 40 hours $500

Often the designer has to weigh one cost factor against another and make a
decision as to the route that will minimize total cost. For example, it is
necessary to balance the cost of fully testing the chips against the cost of extra
MCM rework because of chip failures (test escapes), or, alternatively, the cost
of procuring TAB frames and testing the chips. This was discussed earlier in
this chapter and in Chapter 3.

Another example is to consider the cost impact of putting extra features in
the design so that faults on the assembled substrate can be located easily and
then diagnosed. Though these features might increase size and manufacturing
cost (MC) they might also reduce test cost, rework cost and reduce the time
required to debug the prototype. This would involve considering boundary scan
techniques (see Chapter 13) if the design team also is designing the chips. On
the other hand, if the chip design is fixed, testability could be enhanced by
bringing certain internal signals within the MCM to the edge connector just for
test purposes. For one module, produced by E-Systems, this was done by adding
multiplexer chips to the MCM for test signal injection and monitoring. Despite
a resulting increase in substrate size of 20% and an increase in I/O of 10%, they
considered this extra cost to be well worthwhile because of the resultant savings
in prototyping time.

The designer also should consider tradeoffs that make the module easier to
assemble with standard equipment. The vendor should be able to indicate what
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cost savings can be passed on to the designer by doing this. The vendor should
also indicate what design features will maximize yield (and hopefully pass these
savings on to the designer).

4.7 SUMMARY

As this is a book mainly about MCM components, this chapter has focused on
MCM cost at the component level. Two types of model were presented. Both
of the models required a fair level of detail in their inputs. For example, they
require a good idea of the substrate size, number of layers etc. In the early
phases of design for a large system (large being larger than a single board), this
level of detail often is not available. Thus, the inputs to a cost model at the
system level will look different than the inputs to the models above.

A system level model is important because it is easy for the system designer
to be sidetracked by the fact that an MCM will be more expensive than a similar
PWB populated by the same chips in packaged form. As an MCM-based system
allows multiple racks of boards to be reduced in size to one rack, the system
wide cost savings on the higher levels of packaging can be substantial. This is
discussed further in Chapter 18.

Two approaches are commonly used to make decisions early in the system
design phase. The first approach is to use a system level cost model, similar in
concept to the models presented above, that can use summary and estimates,
rather than detailed, information as its inputs. Typical inputs to such a model
would include summary information for each MCM such as number of chips per
substrate, substrate types, number of MCM signal I/Os and power density. The
system level cost model would then estimate substrate cost, heat dissipation cost,
test overhead cost etc. to arrive at a system cost estimate. By estimating these
inputs for different system implementations, cost estimates can be generated.

The second approach is to compare different system implementations
through the use of a set of system metrics that can be easily translated from one
implementation to another. For example, if the required interconnection density
for a single chip packaged version is determined first then the size and cost of
a thin film version can be estimates by considering its interconnection density.
Consider the case where the required PWB interconnection density was 51
cm/em? and the interconnect density of an MCM alternative is 100 cm/cm?.
Then the substrate size is expected to be one-half the latter and the system is
costed appropriately.

In this chapter, however, two component level cost models were presented.
One model, called technical cost modeling (TCM), was manufacturing-based to
make manufacturing-related decisions when the designer knows the
manufacturing details (usually only the case when the manufacturing activities
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are in-house). The other cost model was a design activity-based model for use
when the only manufacturing-related information available to the designer are the
vendor’s quoted prices.

Through the application of technical cost modeling to different substrate
technologies, it was found that the cost of thin film technology will likely remain
high unless the volume hurdle can be overcome. It also was found that though
the use of photoimagable polyimide can save on the cost associated with extra
via processing steps, it will remain more expensive overall until the cost of this
polyimide comes down. Thus, the TCM can be used to judge tradeoffs for
minimizing manufacturing costs.

The design activity-based cost model can be used to compare vendor
alternatives and also to judge tradeoffs to minimize total cost. For example, a
comparisons of the cost involved in adding chips to improve testability versus
the cost and time saved in testing and debugging the MCM as a result of this
shows that doing this is worthwhile.
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Part B—The Basics

The White Rabbit put on his spectacles,
"Where shall I begin,
please your majesty?" he asked.
"Begin at the beginning," the King said,
"and go on till you come to the end:
then stop."”

Alice in Wonderland
by Lewis Carroll

Part A - The Framework was like preparing the reader for a race.
We defined the course and alerted the reader to most of the important
decisions. Now we are at the starting line!

The nine chapters in Part B - The Basics provide an
understanding of the technical fundamentals in the design and
fabrication of multichip modules. Two broad topical areas are
covered. Chapters 5 to 10 describe the physical components of
multichip modules and their fabrication. These include first and
second level connections, for which Chapters 9 and 10, respectively,
present the available alternatives. Chapters 11, 12 and 13 cover the
design sciences (electrical, thermal and test, respectively) that must
be understood in order to make a successful MCM product.

Chapters 5, 6 and 7, respectively, describe in detail the three
basic MCM fabrication technologies: MCM-L (based on laminate
structures), MCM-C (based on ceramic materials) and MCM-D
(constructed with deposited films). Typical fabrication sequences are
described, along with the available major technical alternatives and
the strengths and weaknesses of the possible choices. These chapters
seek to answer such questions as: “What portions of the technology
are the strongest and most mature (useful for reliable design)?” and
“What are the limitations in current fabrication sequences, and how
may they be overcome?”

Chapters 11 to 13 concentrate on what makes an MCM different
from a design science point of view. Chapter 13 also concentrates on
important manufacturing aspects associated with testing.
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The chapters in this Part can be read either to extend knowledge
gained in another area into the area of MCMs, or to learn about an
entirely new subject. For example, the reader who is already familiar
with electrical design of printed wiring boards can extend his
knowledge into the area of MCMs by reading Chapter 11. He can
also gain from Chapter 5 an understanding of printed wiring board
fabrication technologies and how they are used in MCM-L structures.
Alternatively, the reader who is not familiar with these topics will
gain a complete understanding from Chapters 11 and 5. All chapters
are intended to be accessable to nonspecialists.

Thus, the aim of these chapters is to be tutorial in nature, as well
as to provide specific information that will assist the reader in the
transition to MCM technology. For example, the chapter on
dielectrics (Chapter 8) provides a concise but complete picture of the
important new area of dielectric materials for thin film MCMs
(MCM-Ds). These chapters are not intended, however, to provide an
exhaustive treatise on all aspects of their topics. Guidance is given
to other sources as required.

Specific guidelines are given where appropriate. For example,
the test chapter (Chapter 13) ends with specific guidelines on how to
reduce test cost and effort. The practicing test engineer, for example,
will be able to use these guidelines for help in designing MCM
products. However, other engineers should not be deterred from
reading this chapter, since it provides an excellent understandable
tutorial on this important topic.

For the first time, this Part permits the reader to gain a clear
understanding of the following:

The factors that differentiate the MCM technologies and,
thus, how to choose between them.

The important issues related to dielectric selection.

The relative merits of different chip connection and MCM
connection alternatives.

The importance of testing, and guidelines for controlling its
cost.

The basic issues and available alternatives in electrical and
thermal design.
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For the first time, this Part gives

* A complete presentation of the important MCM-L
technologies and alternatives.
A complete and consistent presentation of first level (die to
MCM) and second level (MCM to PWB) connection
alternatives.
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LAMINATE-BASED

TECHNOLOGIES FOR MULTICHIP
MODULES

Leo M. Higgins IIT

5.1 INTRODUCTION

Subsystems based upon ICs wire bonded directly to printed wiring boards, have
been important constituents of electronic products since the early 1970s. The
density of these early systems was quite low and frequently did not connect
many unpackaged die. Systems built with this process were said to be based
upon chip-on-board (COB) technology. The term multichip module (MCM) has
been widely used since the mid-1970s, but was not applied to modules based
upon PWBs until the end of the 1980s. In the most common phraseology, the
term MCM-L has come to imply an IC assembly comprised of multiple wire
bonded die on a PWB. Other types of connection technologies, TAB and flip
chip also are practiced in MCM-L systems, but COB assemblies have been the
most common. COB involves the use of wire bonding and epoxy glob-top
encapsulation, which are usually the lowest cost connection and sealing methods.
These systems have typically been tested and burned in at the module level, and
defective units are disposable. Higher cost, higher performance die often must
be tested and burned-in prior to assembly, and the system cost forces planning
for MCM repair. These higher performance die often have higher I/O counts,
driving a higher module interconnect density than with the lower cost, disposable
modules. Thus, COB modules have developed into a subset of MCM-L, where
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170 LAMINATE-BASED TECHNOLOGIES FOR MCMS

the modules are disposable and built with untested die. The range of MCM-L
technologies has widened considerably in the areas of the materials and methods
of substrate fabrication, and in the types of die connection to the board. In all
instances, the minimum set of MCM-L attributes is the connection of unpackaged
die on a substrate, whose manufacture is based upon laminate process technology

[1].
5.1.1 MCM-L Amid the Spectrum of MCM Substrate Technologies

While the definitions of MCM substrates are discussed in Chapter 1, a cursory
review of MCM substrate technologies is useful in view of the broad range of
technologies available with laminate structures.

PWBs are known as organic boards since the primary constituent of the
board dielectric is an organic polymer. The dielectric layers are supported most
often by a reinforcing fabric, usually based upon woven glass fibers. Usually,
there is no substrate underlying, or supporting, the laminate structure, as there
is with MCM-D substrates where the typical dielectric (organic or inorganic) is
very thin and would be structurally inadequate if not formed upon more rigid
substrates such as Si, ceramic, metal or an organic laminate (PWB/MCM-L).

All MCM substrate technologies offer a wide range of material and
structural options. Conductor options also are available with MCM-D (Cu, Al),
and with MCM-C (W, Mo, Cu, Ag, AgPd). MCM-L conductors primarily
feature Cu, but in certain structures Al and polymer thick films are used. MCM-
D has numerous organic dielectric possibilities, and while silicon dioxide is the
prevalent inorganic dielectric, other possibilities such as silicon nitride and spin
on glasses are possible. MCM-C similarly offers a wide range of ceramic
dielectric materials. MCM-L allows the use of many polymer dielectrics and
reinforcing structures and materials (woven fabric, random matt, porous
thermoplastics, particulates such as glass, graphite, fused silica).

Laminate boards can attain a high degree of rigidity after lamination due to
the presence of the high modulus of elasticity fibers in the reinforcement phase,
while particulate fillers are not as effective in imparting stiffness to laminates
since they are not a continuous phase in the xy-plane. When dielectric layers use
no fiber reinforcement, the resulting laminate can be quite flexible, leading to the
term flexible (“flex”) circuits. Combining both types of laminates in a single
laminate product leads to structures called “rigid-flex.” Thin film-type processing
on MCM-L surfaces has been reported by several companies. Such processing
includes fully additive and subtractive processing of conductors as well as the
processing of dielectrics from liquid precursors or from supported or unsupported
films. This creates a hybrid structure which takes advantage of the low cost of
MCM-L and the enormous interconnect density provided by thin film
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technologies. Development work, and low volume manufacture of laminate
structures formed on a more rigid base (metal and ceramic), is underway. This
type of structure may be necessary in order to use the very thin dielectric layer
film materials (< 50 um) which have been developed recently.

5.1.2 MCM-L Attributes

MCM-L has a broad range of desirable attributes, with the primary set including
low cost for one and two conductor layer structures for interconnecting a few
die, forming a few chips module (FCM) and multilayer PWBs with a high
interconnect density for the interconnection of many die. The FCM is a type of
MCM-L where the interconnect density requirements usually do not push the
envelope of process technology. Rather, this type of MCM-L provides a very
low cost means to increase interconnect density for a small set (-< 4) of die. An
FCM may be described as an MCM on which the number of chip to chip
interconnections is less than the total number of MCM I/Os. This type of MCM-
L may make novel use of vias, solder masks, encapsulation and finishing metals
to achieve the primary objective of low cost.

Higher density MCM-Ls require an engineecring effort to focus on the
achievement of higher interconnect density and performance, which includes
smaller drilled holes, buried vias, finer lines and spaces, thinner dielectrics, low
loss dielectrics and thermal management. Other desirable features include two-
sided assembly, large area substrates and the elimination of connectors through
the use of flex or rigid-flex structures.

The primary shortcoming of MCM-L has been the limitation of interconnect
density due to the use of plated through-holes (PTH) for layer to layer
interconnections, and the relatively coarse line widths (compared to thin film
processing) and spacings commonly practiced (typically 2 0.075 mm). New
circuit definition technologies, the increasingly widespread use of blind and
buried vias, improved drilling technology (use of (0.2 mm diameter bits is nearing
production capability in some companies), the use of punching instead of drilling
for small vias in thin dielectrics and the coupling of thin film surface layer
processing with MCM-L structures, continue to permit the increase of MCM-L
interconnect densities.

Another problem which MCM-L technology must address is the relatively
high coefficient of thermal expansion (CTE) of the substrates. The use of large
die on MCMs is forcing critical evaluation of the reliability of die to MCM
interfaces, including both die attach and electrical connection. This reliability is
critical, especially when the die connection is made by flip chip or short lead flip
tape automated bonding (TAB) due to the low, thermally-induced stress
compliance afforded by these techniques. Flip chip connection is seen as the
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ultimate MCM connection method, but it offers the least compliance. MCM-D
and MCM-C offer the use of low thermal expansion substrates. MCM-D can be
offered on Si and metal substrates for a near perfect CTE match to bonded die.
MCM-C can be made from aluminum nitride, mullite, cordierite, lithium
alumino-silicates and glass ceramics. These all offer near perfect CTE matches.
Since the die temperature is usually more than the substrate in actual use
environments, due to transient effects and the thermal resistance through the die
to substrate interface, the ideal MCM substrate should have a CTE slightly
higher than that of silicon. The development of new, low CTE dielectric systems
for MCM-L and the emerging technology of dielectric layer lamination on low
CTE base substrates offers the promise of MCM-L solutions for this
thermomechanical strain problem.

Despite the delay in recognition of laminates as MCMs, especially
conventional high density PWBs, demand for cost effective MCM solutions for
emerging electronic systems has pressed MCM-L into the mainstream. Due to
the low cost of MCM-L (relative to other MCM substrate technologies) and the
wide diversity of materials, properties and manufacturing process technologies
used with MCM-L, it has become a very popular type of substrate for high
density, high performance MCMs. The broad vendor base, and the extensive use
of PWBs in almost all current electronic systems, indicates the wide range of
application functions and system frequencies supported by MCM-L,

This chapter begins by describing the standard construction process for an
MCM-L or PWB. This is the process most widely used in the industry.
Following that, the desirable properties of the materials used in this process are
presented together with a discussion of their limitations. Because of these
limitations, a number of alternatives are being pursued actively. These
alternative materials and processes are presented. Bare chip mounting creates
some unique requirements on MCM-Ls. These are discussed in the section on
connection and repair. Finally, some examples of MCM-L configurations are
given,

5.2 STANDARD MCM-L CONSTRUCTION PROCESS

Five basic process steps are used in the manufacture of MCM-Ls and PWBs,
They are:

1. The preparation of individual copper foil clad dielectric layers.

2. The photolithographic patterning and etching of conductors on those
layers.

3. The drilling of vias through individual layers or partial laminates to
form blind and buried vias, and drilling through the total laminate
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thickness to form plated through-holes (PTH).

4. The lamination of the individual layers and sublaminates onto each
other form a multilayer MCM-L. Multiple lamination steps are needed
to form blind and buried via structures. A single lamination step is
usually used if the board has no blind or buried vias.

5. The plating of drilled holes in single layers or partial laminates, or
through the entire board thickness, to create blind and buried vias, and
PTHs, respectively. The plating of the surface metallurgy follows.

Each of these basic processes consists of several steps, which are summarized
in Figure 5-1. For more information, the reader is referred to PWB handbooks
by Coombs [2] and Clark [3].

MATERIAL SELECTION PHOTO-RESIST APPLICATION, DRILL INNER LAYER
(CORE AND PRE-PREG) IMAGING, AND ETCHING OF FOR BURIED VIAS
INNER LAYERS l
V1A SIDEWALL PROCESSING: RESIST STRIPPING AND STACKING AND
(DESMEAR, APPLY CATALYST, SURFACE TREATMENT OF LAMINATION OF
ELECTROLESS Cu PLATE, COPPER FOR LAMINATION INTERNAL LAYER
ELECTROLYTIC Cu PLATE.) ADHESION SETS
DRILL INNER LAYER VIA SIDEWALL PROCESSING: STACKING OF ALL CORES,
SETSFOR BURIED  }— (DESMEAR APPLY CATALYST, || ‘PRE-PREGS, AND SUB
VIAS ELECTROLESS Cu PLATE, LAMINATES-FULL STACK-
ELECTROLYTIC Cu PLATE.) UP LAMIANTION
|
DRILL PLATED THROUGH VIA SIDEWALL PROCESSING: PHOTO-RESIST APPLL-
HOLES THROUGH THE . |—| (DESMEAR. APPLY CATALYST, | | CATION.IMAGING. AND
ENTIRE L AMINATE ELECTROLESS Cu PLATE, ETCHING OF OUTER
ELECTROLYTIC Cu PLATE) LAYERS
PATTERN PLATING OF
SURFACES: COPPER, 60/40 ATTACHMENT OF LEADFRAMES,
SW/Pb (typ.), SPOT PLATING 1O PINS, SEAL RINGS
OF GOLD OR ENCAPSULANT DAMS

Figure 5-1 Typical substrate process flow.
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5.2.1 Dielectric Material

Two types of diclectric layers are used in typical PWBs: cores and prepregs. In
both cases, the dielectric reinforcement material or fabric, typically fiberglass
with the E-glass composition, is run through a coating process to impregnate the
material with the selected polymer. The fiberglass may be woven in many
different weaves to allow the formation of layers with various thicknesses and
glass to polymer ratios. Core material is fully cured, while the prepreg material
is partially cured before the material is cut to size. Core and prepreg thicknesses
are selected to meet mechanical and electrical performance criteria, for example,
to provide the correct value of characteristic impedance. The core layers have
copper conductors patterned on one or both sides. The prepreg layers are then
placed between the core layers to cause adhesion of the various layers in the
stackup during the lamination period, when temperatures are elevated and
pressure is applied.

5.2.2 Copper Foil (Conductor) Processing

The primary PWB conductor usually is electro deposited (ED) or rolled annealed
copper foil. The foil is treated on one surface (or both, for internal Cu planes)
to enhance adhesion to the polymer impregnated core or prepreg layers. Often,
this surface is cleaned with mechanical abrasion, chemically microetched to
increase surface topography and area, and chemically oxidized to form a thin,
passivating adherent layer of CuO, further increasing foil surface area. In many
instances, copper is coated with a very thin layer of tin for passivation, and
laminate adhesion. The immersion tin process is less sensitive to copper material
cleanliness, and protects the copper in subsequent etch processing [4].

The copper foil is roll laminated (to the dielectric), after which the full, or
B-stage, dielectric curing takes place. The dimensional stability of the core and
prepreg layers can be affected by the manufacturing process and storage
conditions (temperature and humidity). The prepreg layers are particularly
sensitive, and are stored under refrigerated, atmospheric control conditions for
best results. If refrigerated, the pre-pregs should be brought to room temperature
in the absence of water, especially when hygroscopic materials, such as
polyimide, are used.

5.2.3 Inner Layer Photolithographic Processing

The type and thickness of copper used is based upon the specific layer function
and the fineness of the features to be etched (for example, 110 um and 19 um
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thick Cu may be used for ground planes and fine feature layers, respectively).
The core and pre-pregs surfaces are processed as described in Section 5.2.2, and
photoresists (PR) then are applied. PR films are laminated to the layers or liquid
PRs are applied by roller coating, spraying, screen printing or curtain coating.
Resists also may be applied with electrostatic spraying or by electrophoretic
deposition techniques (which refer to electroplating of organic materials in this
case). Liquid resists and advanced deposition techniques often provide finer etch
resolution than the older PR film lamination process.

Proponents of film PRs claim the fixed film thickness permits a more readily
controlled process for etching of fine lines than the use of liquid PRs, where the
user’s process must provide the resist thickness control. Pattern exposure, resist
development and the copper foil etching follows. Copper etchants are usually
cupric chloride or alkaline ammonical based systems. The photoresist is then
removed chemically and the copper surface is processed to form the desired CuO
layer needed for adhesion to the overlying layer during lamination [5].

The artwork used to expose the photoresist frequently is not an exact
geometric replica of the desired etched pattern geometry. The layers are subject
to xy-shrinkage or expansion, but in a well characterized process, the xy-
dimensional stability of the core and prepreg layers during storage, processing
and lamination is controlled and well quantified. The stability data are used to
modify the artwork, expanding or contracting the dimensions of the layer pattern.
This modification may be graded uniformly across the entire layer, or it may
vary from dimensionally insensitive to sensitive regions.

5.2.4 Blind and Buried Via Formation

Standard PWBs utilize holes drilled through the entire multilayer board thickness
to electrically connect the desired metal planes. After drilling, these holes are
copper plated to affect the electrical connection, forming plated through-holes
(PTH). Most high density MCM-Ls utilize layer to layer electrical connections
which do not span the entire board thickness. Blind vias extend from the surface
into the desired layer(s), while buried vias only interconnect internal planes.
After the pattern etching process, the blind and buried vias are drilled through
individual layers, or sub-laminate stackups formed by the lamination of the
desired inner layers. The side walls of the drilled holes, and any exposed, etched
copper features are then plated with copper. Then final board lamination is
performed upon the stackup of the single layers and sublaminates which form the
board. The drilling and plating of the total board thickness PTHs follows.

Blind and buried vias also may be formed by precisely drilling part way
through the formed laminate or sublaminate. After drilling, the laminate
structure is plated to form the interconnection from the underlying layer to the
top layer. This process often is considered more difficult, but may be necessary
for some structures.
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The blind and buried via process is considered expensive in many
circumstances, due to the difficulties in handling thin core and prepreg layers and
the multiple drilling, plating and lamination operations required. This reality is
mitigated somewhat by the ease with which the drilling and plating operations
are performed. Small via drilling and plating of single layers and thin
sublaminates is simple when compared to full laminates PTHs since via aspect
ratios are smaller than those of PTHs. This greatly facilitates hole drilling,
cleaning and plating. Also, the use of blind and buried vias in a high density
MCM-L reduces significantly the number of PTHs needed. If the density of the
MCM-L is very high, there is great design pressure to use small diameter PTHs.
Since the PTHs are drilled through the entire board thickness, small diameters
result in high aspect ratio PTHs. This also can have a major effect on
production throughput and yield. If the use of these vias reduces the number of
layers needed to achieve a circuit, there is a cost benefit of fewer layers to offset
the added blind and buried via cost.

5.2.5 Lamination

The purpose of the lamination step is to “glue” all of the layers together. The
pressures and temperatures which are used must be carefully controlled to drive
out entrapped air, absorbed water, and solvents retained in the prepreg. The B-
staged (partially cured) pre-pregs, which are placed between the cores, are the
adhesive layers. During lamination, the partially cured polymer in the pre-pregs
softens, flows and wets the adjoining surfaces, effecting the bond [6].

In the first step of the lamination process, the etched core and prepreg layers
are stacked in precise registry using mechanical tooling and alignment pins.
Laminating the type of high density PWBs used for MCM-L with vacuum
presses permits the use of lower pressures, temperatures and times. The vacuum
assists in the removal of entrapped air, retained solvents and water, permitting
the use of less aggressive lamination parameters. These conditions also aid the
control of the thickness of prepreg layers, improving the control of electrical
properties such as capacitance, crosstalk, and characteristic impedance (Z). The
optimum lamination time, temperature and pressure are interrelated. They are
highly dependent upon the polymer system used in the prepreg and core, the
ratio of polymer and reinforcing fabric volumes, the fabric weave, the thickness
of the copper planes, the presence of blind and buried via layers or sublaminates
and the dimensional control required.

5.2.6 Drilling

Computer aided design (CAD) data from the design software used to create the
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artwork also is used to create a drill list, which defines the sizes and locations
of the holes to be drilled. This information is downloaded to high speed, multi-
spindle drilling machines which determine the location of the next hole to be
drilled by use of the mechanical data.

There are many sources of drilled hole location errors. To increase
production throughput, it is common practice to stack the boards on the tooling
under each drill spindle. Drilling through multiple boards with each drill stroke
increases productivity, but increases the risk of hole position errors. New drill
bits are available which utilize advanced materials and which incorporate well
designed flutes in the drill. Improved drill bits are important, but not sufficient
to solve stack drilling problems. The registration tooling, and the registration
features drilled and routed in the boards prior to layer processing, must be
accurate and consistent. Since each board may not have contracted or expanded
identically in processing, the stack tooling must be able to accommodate these
dimensional differences while providing suitable dimensional registry to the xy-
program driving the positioning system on the drill machine [7].

Another major source of drill position error is wandering of the drill, which
implies drill tip movement in the xy-plane during the z-axis excursion through
the board. This can be caused by inaccuracies in the drill head (vibration,
precession, worn bearings, nonorthogonal z-axis motion), but many errors are due
to characteristics of the board stack. Typically, special cover and back up
sheeting materials are placed over and under the stack. These entry and backup
materials are intended to act as drill guides and to reduce drill breakage. Three
layer laminates of special aluminum alloy foil with a cellulose core and
aluminum alloy about a thin wood core are used widely as entry and backup
materials, respectively [8].

In general, features which increase drill position errors and drill breakage are
thick board stacks, high aspect ratio holes (~ > 3:1), high glass content, excessive
drill rates, loosely stacked boards and dull drills. Core and prepreg layers
measuring 100 pym thick are commonly used in the fabrication of high density,
low thickness PWBs. High volume production use of 200 - 300 um diameter
drill bits for these structures is ongoing, while the most widely used drill
diameters are as large as 500 um.

Drill hole quality also is critical for the construction of the highest density
surface layers. In these cases, the drilled hole is equal to, or smaller than the
width of the surface feature it electrically connects to internal conductors. This
reduces the surface area required to fanout the surface conductors from the die
to vias, or PTHs. Dirills as small as 50 um diameter are being used in
development work, while 100 - 150 um drills are being used in prototype
manufacture of MCM-Ls.
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5.2.7 Plating of Drilled Holes

During drilling of vias and PTHs, the frictionally heated drill bit causes polymer
residue to smear and coat the hole wall. This residue must be removed to allow
plated copper to bond to the structurally sound bulk dielectric and to the cross
section of the copper features through which the hole was drilled. This operation
is referred to as desmear and is commonly performed using concentrated
sulphuric acid, alkaline permanganate solutions or oxygen plasma cleaning. The
solutions used also must make the hole walls hydrophilic to enhance wetting by
electroless Cu plating solutions and to eliminate bubble entrapment in the holes.
The desmear process difficulty increases with increasing hole aspect ratio and
decreasing hole diameter [9].

After desmear, the polymer and glass surfaces of the drilled holes must be
treated to permit plating and good adhesion. The units are immersed in a
palladium-tin compound solution for surface activation, permitting deposition of
both the palladium and tin. It is necessary to remove the tin in a subsequent post
activation cleaning step. The board is then placed in an electroless Cu plating
bath where the bath chemistry, temperature and mechanical agitation are critical
to ensure uniform Cu deposition, good Cu adhesion, and proper Cu
microstructure for good mechanical properties [10]. Electrolytic Cu plating
follows to build the copper thickness to the desired levels. The copper surfaces
of the inner layers are then photolithographically processed and etched to form
the desired conductor patterns. The surface of the conductors are then cleaned,
etched and oxidized to enhance adhesion to neighbor layers. A schematic cross
section of an MCM-L/PWB structure is shown in Figure 5-2.

5.2.8 Processing of Surface Layers

The final plating of the MCM-L surface defines perhaps the greatest difference
between conventional PWBs and MCM-Ls. Conventional PWBs are made for
the surface mount or through-hole soldering of packaged devices which usually
possess metal leads. Thus, the copper attach pads on the PWB surface are plated
typically with Pb-Sn solder, suitable for the mass reflow of surface mount
devices, or for the attachment of through-hole components with wave soldering.
The surface metallurgy of MCM-L often requires multiple process steps to
permit selective plating of gold on some sites and lead-tin solder on others.
These steps involve the application of plating resists, imaging, developing,
plating, resist stripping and a repetition of this sequence for each different metal
finish to be applied. Soft gold plating may be desired for wire bond pads, while
hard gold is needed for edge connectors, and 60/40 tin-lead solder may be
required for soldering of TAB leads.
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Figure 5-2 Cross section of an MCM-L printed wiring board. The schematic drawing
shows construction of a typical MCM-L substrate, exhibiting blind and buried vias and
a typical lamination sequence.

After the PWB is fully laminated, the PTHs are drilled through the entire
board thickness, and plated using processes similar to those described above. A
PR is applied to the copper foil surface, and is imaged and developed. The PTH
sidewalls and the copper exposed on the surface is then plated with Cu/Ni/solder
(typically 63/37 Sn/Pb solder). The PR then is stripped and the newly exposed
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Cu is etched away, effectively using the solder as an etch resist. The surface is
PR coated again and patterned to protect the regions where solder plating is
desired. The exposed solder is etched away. At this point, the solder may be
reflowed. The surface then is coated with a photoimageable solder mask, imaged
and developed, exposing the solder plated pads. This procedure is called solder
mask over bare copper (SMOBC) [11]. Alternative SMOBC process flows are
possible. Areas requiring future Ni/Au plating or other non-solder treatment, are
to be masked off through much of the SMOBC process. The wire bond pads
typically are plated with 5 um of Ni, and 0.5 - 1.0 pm of high purity (~ 99.99%)
soft Au. The use of 0.2 - 0.3 um of electroless gold for wire bond pads is
increasing in Japan.

Additional applications of PRs and more photolithographic processing are
often required to permit the final spot plating of the Ni/Au regions. Reflowing
of the solder, before or after Ni/Au plating, improves resistance to oxide
formation, but it causes the pad surface to dome due to the surface tension of the
molten solder. This domed surface can cause lead alignment problems during
TAB outer lead bonding (OLB).

Selective, or spot plating, is a critical process for MCM-L since it is very
common to connect wire bonded and TABed die on the same MCM. In the near
future, flip chip attachment on MCM-L will become common, so it may be
possible that three distinct bare die connection methods (wire bond, TAB and flip
chip) will be practiced on a single MCM. This is likely to require even more
sophisticated selective plating procedures.

Electrolytic plating is commonly used for the depoesition of Ni, Au and Pb/Sn
solder finishes. This requires that the features to be plated are connected to a
plating bus. The need for connections to fanout to the bus can interfere with
circuit routing design. If the fanout nets are not on the surface, they will not be
etched away after plating. High frequency systems will encounter signal integrity
problems if plating bus connections remain after removal of the plating bus. These
useless nets act like signal stubs and can contribute to circuit noise due to increases
in driver loading, crosstalk, reflections, radiated noise and coupled radiation.
Electroless plating does not require the use of plating bus connections, but usually
does not permit the deposition of the desired thicknesses of Au and solder.

5.3 MATERIAL CONSIDERATIONS
There are four types of materials used in the fabrication of a laminate:
1. Core dielectric layers. These layers are rigid materials, usually

comprised of reinforcing fiberglass fabric and a fully cured epoxy
matrix. Some core dielectrics use no reinforcement.
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2. Prepreg dielectric layers. These layers are flexible materials, usually
composed of a fiberglass reinforcement fabric and a B-staged epoxy
matrix. This material attains rigidity with full cure during the
lamination and post lamination bake processes.

3. Conductor materials. The typical conductor material used for power
distribution and signal interconnection is etched copper foil.

4. Finishing materials. Typically tin-lead solders or nickel-gold, are
plated on the external surface copper bonding pads to permit die
connection.

The epoxy-glass dielectric described above is referred to as FR-4 material. In
the following sections, the ideal material properties are discussed and alternative
materials are presented and compared.

5.3.1 Dielectric Layers

MCM-L dielectric layers are usually composite materials consisting of a
reinforcing material and a continuous polymer matrix phase. Flexible circuits,
and some advanced MCM-L substrates, use unreinforced polymer dielectric
layers. In this section, the various polymers, reinforcement media, and the
resulting dielectric layer products are discussed in terms of their physical and
electrical properties, and their effects on MCM-L processing. Table 5-1 provides
a listing of the physical and electrical properties of a wide range of materials
used in MCM-L fabrication.

The laminate structure of the typical PWB is a ternary composite of phases:
resin, reinforcement fiber or filler and copper conductor. The dielectric
constitutes the major volume of the MCM-L. The copper conductor planes are
commonly 9 - 105 pm thick, while the dielectric layers typically range from 25 -
500 pm in thickness. All three phases contribute to the electrical and mechanical
properties of the final board. Polymer and reinforcement phase effects are
discussed in the following section.

With standard types of laminates, both the fiberglass fabric and the matrix
resin are continuous in the xy-plane, while only the resin is structurally
continuous along the z-axis. Thus, laminate structures exhibit anisotropy, where
the macroscopic properties of laminate structures are quite uniform in the xy-
plane, but different in the z-axis. The differences in the basic material properties
of the resin, reinforcement and the conductor lead to stresses in the laminate

Elm Exhibit 2162, Page 209

msgalica@mintz.com



182 LAMINATE-BASED TECHNOLOGIES FOR MCMS

Table 5-1 Properties of Materials Used in MCM-L Fabrication.

xy-Plane z-Axis Tg; Glass Thermal
Thermal Thermal Transition | Conductivity
Materials Expansion | Expansion | Temperature | (W/m"K)
(ppm/°C) | (ppm/" C) ("C)
(<T9)/(>Tg))
FR4 (epoxy-'E' glass) 16-18 60 /320 125-140 0.16-0.4
Polyimide (PI)-E glass 13-15 40 /190 225-260 0.3-0.6
High Tg epoxy-E glass:
Risho CS-3665 13-14 50-220 200
Teflon-E glass 20 75 0.26
Epoxy-aramid (PPDETA) 6.5 172 0.18
Pl-Kevlar 108 5.0-8.0 85 250
Epoxy-fused silica 6.0-12.0 125
Pl-fused silica 6.0-12.0 30 250
BT epoxy-Kevlar 120 73.7
High Tg epoxy-fused
silica #525 6.0-12.0 65
'Gore-Ply' (cyanate
ester-expanded PTFE) 55 190
Pl-unwoven Keviar
'ROHSI 2800 (Rogers) 16 24 Thermoplas.
Pl film: Kapton H 20-25
Upilex S
Polyester film 25-30
Epoxy resin (#5010) 55
PTFE 224 224
'E'-glass 5
'S'-glass 2.3
Aramid fabric 2
Unwoven Aramid / Pl 1.35-2.25
Fused silica fabric 0.54
Copper (CDA 102) 17.3 17.3 393
Aluminum (elemental) 221 240
Aluminum (6061) 21.1 200
Molybdenum 5 5 146
Kovar 5.3 17
Cu/Invar/Cu: 20/60/20 5.5 169 (2=23)
12.5/75112.5 3.15 114 (Z=18)
Cu/Mo/Cu: 20/60/20 6.7 (20 C) 141(2=113)
13/74/13 5.8 (20 C) 122(Z=98)
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Table 5-1 Properties of Materials Used in MCM-L Fabrication (continued).

Tensile Tensile Dielectric Volume | Dissipation
Modulus | Strength [ Constant | Resistivity | Factor
Materials (10E6 psi)|(10E3 psi)| (1 MHz, 25°C)| (Q-cm.) (%)
FR4 (epoxy-'E' glass) 25 40 4055 4.00E+14 2.2
Polyimide (P!)-E glass 2.8 50 4.0-5.0 4.00E+14 1.3
High Tg epoxy-E glass:

Risho CS-3665 43 3.00E+14 1.3
Teflon-E glass 0.2 2.3-26 1.00E+10 0.2
Epoxy-aramid (PPDETA) 4.4 3.7 2.6
Pl-Kevlar 108 4 30 3.95 1.00E+12 1.7
Epoxy-fused silica
Pl-fused silica 1.00E+09
BT epoxy-Kevlar 120 3.51 14
High Tg epoxy-fused

silica #525 1.3
‘Gore-Ply' (cyanate
ester-expanded PTFE) 26 > 10E+07 0.3
Pl-unwoven Kevlar
'ROHSI 2800' (Rogers) 0.12 2.8 0.3
Pl film: Kapton H 0.4 25 35 1.00E+12 0.25
Upilex S 1.3 57 35 1.00E+11 0.13
Polyester film 20-40 2.8-3.2 0.3-1.6
Epoxy resin (#5010) 0.39 3.8
PTFE 0.05 22
'E'-glass 6.3
'S'-glass 5.3
Aramid fabric 18.5 440 23 0.7
Unwoven Aramid / Pl
Fused silica fabric
Copper (CDA 102) 32-55 1.67E-06
Aluminum (elemental) 45 2.66E-06
Aluminum (6061) 35 4.30E-06
Molybdenum 95
Kovar 75 4.70E-05
Cu/Invar/Cu: 20/60/20 19 60
12.5/75/12.5 19 60
Cu/Mo/Cu: 20/60/20 20 100 3.40E-06
13/74/13 39 3.80E-06
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structure as the individual phases attempt to behave independently during
environmental and electrical stressing. One of the <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>