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DESIGN, PROCESSING AND TESTING OF LSI ARRAYS
HYBRID MICROELECTRONICS TASK
1.0 INTRODUCTION AND SUMMARY
This report summarizes a twelve-month effort on Contract NAS
i 8-32607, Supplementary Agreement No. 2; and compleies the second year
5‘ of such effort, starting with the 1977-1978 cost-factors/packaging program.
H
Specifically, this program involves determination of those factors affecting
the cost of electronic subsystems utilizing LSI microcircuits, and develop-
ment of the most efficient methods for low-cost packaging of LSI devices as
a function of density and reliability, Overall program Tasks are summarized
in Figure 1-1.
This one-year supplementary program has been divided into two
Tasks as follows:
TASK A - Cost Factors Study
Mathematical cost factors were generated under the original contract
. for both hybrid microcircuit and printed wiring board (PWB) packaging
! methods, and a mathematical cost model was created for analysis of
! microcircuit fabrication costs. Under the Supplementary Agreement
effort, the cost model is to be refined and broadened to cover discrete
! (PWB) packaging techniques, and to include component parts such as
% ceramic chip carriers, multichip LSI '""subassembly'' arrays, and
plastic LSI packages (all of which may incorporate tape chip carrier
. interconnection technology). The costing factors previously developed
i are to be refined and reduced to formulae for computerization,
f TASK B - Tape Chip Carrier Development Study
. Tape chip carrier technology has been shown under the original
) contract to represent a viable approach to low cost LSI packaging, with
; additional potential for lowering the cost of hybrid microcircuit fabri-
¥ cation. Certain technical problem areas, inherent to LSI applications,
have been identified; work is to continue during the Supplementary
i Agreement time period in an effort to resolve these problems by
iy continued development in the areas of wafer bumping, inner/outer
lead bonding, testing on tape, and tape processing.
i‘ 1-1
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1978 1979
N J F M|l A M J J A S
MONTHS FROM GO-AHEAD
TASKS
2 4 5| 6 7 8 g {10 |11 |12
TASK A — COST FACTOR STUDY
1. MATH MODEL
2, COMPUTERIZATION
TASK B — TAPE CHIP CARRIER DEVELOPMENT
1. HYBRID MICROCIRCUIT INTERCONNECT
LS! BUMPING/BONDING
—

LSI TESTING

— i

2. STANDARD ARRAY INTERCONNECT

STAR WAFER BUMPING

— | —

TAPE INTERCONNECT PATTERNS

SPECIAL TAPE DESIGN

STAR TESTING

TASK C — DOCUMENTATION

1. MONTHLY REPORTS

2, SEMI ANNUAL REPORT

3. FINAL REPORT DRAFT

Figure 1-1. Uverall program schedule.
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Tape chip carrier technology shall be developed further by studies
and laboratory effort toward demonstrating the feasibility of inter-
connecting arrays of two, four, or rnore LSI chips on the tape carrier.
Such arrays would form standard modules or '"blocks', from which
larger assemblies could be constructed.

TASK A Synopsis

Mathematical cost models previously developed for hybrid micro-
electronic subsystems have been refined and expanded under Supplementary
Agreement No, 2 to include rework terms reiated to substrate fabrication,
non-recurring developmental and manufacturing operations, and prototype
production., In addition, sample computer programs have been written to
demonstrate hybrid microelectronics applications of these cost models.

Computer programs were generated to calculate and analyze, through
the equations of the models developed, values for the total hybrid micro-
electronics costs. These programs were employed also to calculate cost
variations when nonconventional technologies such as the tape chip carrier
(which is one method «f packaging large scale integrated (LSI) semiconductor
devices) become a more widely used part of hybrid microelectronics, In
addition, cost surfaces were generated; behavior of the hybrid cost function
relative to the total number of chips utilized, and in accordance with expected
production volurne, was studied over a large range.

Modeling procedures and techniques similar to thos e developed for
hybrid microelectronics applications were employed to model conventional
printed wiring board packaging processes. The total manufacturing cost of
a fully assembled printed wiring board (PWB) structure, including electronic
component parts, was expressed in terms of PWB fabrication, assembly to
PWB substrates, and nonrecurring/recurring materials costs, The qualita-
tive cost factors collected from previous work*(l) were quantified by analyz-
ing worksheets from several PWB facilities,  These costs have been correl-
ated to their respective process parameters for each step of the process,

The models developed during the first-year effort(l) were valid

only when applied to volume runs on the order of 120, 000 units yearly.

>'<(Referer1ces are listed in Appendix ""A",)
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Improvements of these mathematical cost models during this second-year

period include the following areas:

1. Substrate Fabrication ‘

[T Y

a. Rework cycles and inspection steps have been added.

b. Yield of the fabrication process has been expressed in -
terms of rework,

s

2. Total Hybrid Microelectronics Subsystem Fabrication

a. Non-recurring developmental and manufacturing costs .-
have been included in the equations,

b. Production volume has been introduced as a variable
parameter in the equation.

c. Values of constants, and those parameters defining the

reference hybrid, havs: been reestablished to include the .
impact of prototype production. o
To compute and analyze relationships between the cost of each pro- Lo

cess step and the process parameters involved, computer programs have

s

i e e S B Tl e

been written. One of these programns generates a three-dimensional cost
surface, which permits visual interpretation of the cost-process parameters
relationship. A graphical display such as this is better understood and more

readily related to personal experience than is any other display form.

T. » mathematical models developed for both hybirid microelectronics
and printed wiring board technology eventually can be refined such that the :
computer can be used for developing cost estimates (in job bidding) within a
15-percent accuracy for well-defined cases. Accuracy was not the primary
concern of this program however; rather, the major concern was to develop
models which were capable of handling a large variety of electronics

technologies, and to obtain comparative costs of the various technological

approaches. By recognizing program goals, and by clearly stating the ’

boundary conditions which must be satisfied each time a given electronics

! subsystem is considered, the models developed could be successful tools to =r
analyze the cost of any electronic subsystem, and to evaluate associated e
technelogies. -

g
1-4
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The purpose of this work is to develop a tool to evaluate the entire

hybrid microelectronics fabrication cost when technological changes are

made in any portion of the processes involved. In this way, those changes

which are associated with cost reductions will become more readily identifi-

2 AN

able; currently, they are hidden in the literature, or in the practical know-
ledge of a few qualified people.

TR ki S SR R ST

The ability to predict cost consequences when a change in technology

is made is a major factor in bringing about reduced production costs.

Coincidentally, in seeking cost savings, new technological approaches are

gy

derived. The models therefore will have served their pu.rpose if, besides :
identifying those areas which will impact cost savings directly, they also -

3
help to identify those additional technological improvements necessary to b

cause further savings.

TASK. B Synopsis \

Task B has two basic parts. In the first part, developmental work 4

has continued on LSI packaging utilizing tape chip carrier (TCC) technology,

particularly in the areas of tape processing, wafer bumping, and inner/outer

lead bonding. In the second part, studies and laboratory efforts have been };
utilized to show the feasibility of interconnecting arrays of LSI chips utilizing

tape chip carrier and semiautomatic wire bonding technology.

Table 1-1 is a work approach matrix which outlines those tape chip
carrier tasks cbmpleted under the original contract, and which indicates the
direction of effort which has been undertaken during the Supplementary
Agreement time period on a Task/Goal basis.

Specific semiconductor device
v types are listed and identified by code letter.

Subtask Numbers 8 (Lead Finger Support) and 12 (Silicon Nitride
Coating /Retest) were included for target or '"best efforts'' investigations as

time and funding considerations permit. The ""Lead Finger Support' task

covers several techniques/materials which Hughes has been investigating on

internal funding during the program time period. This concept involves

potential tape carrier yield improvements brought about by inclusion of a

soluble organic etched-lead support within the window area.

1-5
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The Silicon Nitride Coating/Retest effort refers to a current U.S, Air
Force (AFML) Manufacturing Technology Program with Hughes-Culver City
(Contract F33615-77-C-5049), in connection with which Hughes-Newport
Beach currently is conducting reliability investigations, A production reactor
offering relatively-low-temperature (150°C) Si3N4 coating of hybrid micro-
circuits, tape-carrier-mounted devices, and/or packaged semiconductors
was installed at the Newport Beach facility du=ing July, 1979. Implementation
delays have prevented investigations during this program time period con-
cerning effectivity of Si3N4 coating over tape-mounted devices. Such efforts
will be proposed for future investigations.

Under Subtask 13, studies and developmental effort were to have been
applied to interconnection of standard array LSI devices, in groups of two,
four, or more, in an effort to bring about a cost effective and versatile
packaging method for minicomputers and high density memory arrays. This
Subtask has not been accomplished during the Supplementary Agreement No, 2
time period because of delays in procurement of those standard array devices
planned as test vehicles for this developmental effort; namely, the NASA-
developed STAR (Standard Transistor Array Radix). The STAR design :_:tem
is a double-metal semi-custom approach to generating quick-turnaround MOS
digital LSI circuits. It consists of an array of devices defined in differert |
technologies with a common grid system. The arrays are processed to the
point of inetal definition and held in storage. STAR circuit interconnection
designs are created by three custom masks that define the first level of
metal, the via mask, and the second level of metal. The STAR has been
defined hy NASA in the CMOS-BULK metal pate, CMOS-SOS silicon gate,
CMOS-BULK silicon gate, CCL-SOS, and CCL-BULK technologies. A
family of 22 logic cells have been designed and digitized by NASA for use
with STAR errays, which are being created in different sizes, ranging from
an equivalent 384 transistors up to an equivalent 5264 transistors.

STAR technology offers many advantages of custoin integration such
as reliability, secrecy, power, and size reduction, while allowing faster

turn-around time and lower cost than that possible with custom integration
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techniques, In Subtask 13, the objectives of low cost and fast turn-around
will be extended to the next level: packaging of STAR devices, Although such
packaging could not be accomplished during the time period of this Supple-
mentary Agreement No. 2, it will be proposed as a portion of a potential
follow-on Supplementary-Agreement-No. -3 effort, o

Section 2. 0 includes a more detailed description of Task A and B

RPN

progress during this program,
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DESIGN, PROCESSING AND TESTING OF LSI ARRAYS
HYBRID MICROELECTRONICS TASK

2.0 TECHNICAL DISCUSSION

Mathematical model refinement under Task A has been completed,
as indicated in Section 1.0, and summarized in the Cost Factors Program
Schedule of Figure 2-1. Considerable Tape Chip Carrier (TCC) process
refinement progress has been made under Task B; bump processing of the
1.5-inch-diameter x 0,008-inch mechanical sample STAR wafers received
from MSFC has been initiated, but assembly of bumped arrays was not com-
pleted during the Supplementary Agreement No. 2 time period. This task
will be included as part of a potential follow-on program to be proposed as

Supplementary Agreement No. 3.

2.1 TASK A— COST FACTORS

Substrate fabrication flow charts for thin and thick film technology
were modified during the first six months of this program time period to
include inspection/quality-control steps and rework cycles. The addition
of rework cycles in the models permits process yield expression on an
explicit basis, thus eliminating the previously defined need for expressing
an additional yield parameter independent of process parameters.

Equations representing substrate (ceramic-based network) fabrica-
tion consequently have been modified by the addition of two new parameters:
(a) Inspection cost, and (b) Number of rework cycles; in addition to introduc-
tion of new coefficients.

The previously-developed mathematical models were applicable to
large production quantities (about 120, 000 per year). It consequently was
necessary to modify these models so that the total cost of a hybrid micro-
circuit could be predicted when small production quantities are considered

(one to 1500 per year, in lot sizes of one to 100).
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The generalization to include small production quantities was made

by means of the following two steps: a) Additional cost factors were

gathered concerning the produaction ef hybrids in prototype facilities and, !

b) These costs were introduced as additional terms (and/or multiplying fac-

tors) in previously-developed equations,

s e L ke A RS i ST M et LA i

| As a consequence of this generalization, it was found that differentia-
tion of engineering costs between a hybrid build in a prototype facility, and
the same hybrid build in a large production facility, was an important con-
( sideration. Differences between these hybrids have been expressed quanti-

tatively in graphical form by using a family of curves; and in symbolic form
by means of distinct equations.

The equations were obtained with the data

available by finding the best curve fit using a statistical analysis approach.

In addition to the above-described factors, distinction has been made

between recurring and non-recurring costs. These costs now are expressed

in the equations as percentages of total manufacturing costs.

In this way, the
non-recurring engineering costs proportionally change with the total manu-

facturing cost, and they are affected directly by the degree of hybrid
complexity.

i
,'\;‘
B
5‘,
,:‘(g

Three major categories have been considered for the non-recurring
developmental costs: a) Engineering costs, which include items such as
applications engineering, design layout, package drawings, and test fixtures

design; b) Engineering Proof of Design (POD) models, which include planning

for the continuation of production, engineering support, and total fabrication/
assembly; and c) Engineering Pre-Production Models, which take into account

the costs necessary to build exactly the same hybrids that will be required
in production.

Items such as test fixtures, layouts, masks, manufacturing drawings,

screens, and instructive photos have been introduced into equations as part

[

of the non-recurring manufacturing costs.
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2.1.1 Computer Programming and Model Verification for Hybrid

Microelectronics Applications -

Equations expressing the total cost of hybrid microelectronics sub- .
systems have been developed*(l) and subsequently refined(z). It was found -1 |
that through simple computer programming, these formulas could furnish J.? '
comprehensive information about cost functions otherwise not readily evident. -3
In turn, thisinformation was used to refine functional relationships between ng ‘
process parameters and those costs developed during the modeling phase of
the program. In this way, accuracy of the model and its capability to pre- é
dict cost trends, both have been improved. T

Two computer programs were written; one to compute a single-valued % F
cost function; the other, to generate a cost surface. The single-valued cost Top
function program includes, as a special case, computation of the cost dif- ]
ferential when tape chip carrier (TCC) technology is used. The cost factors P

involved, and the equation developed when this type of technology is applied,
)

shown in Figure 2-2. 4

previously have been modeled(1 according to the simplified process flow

For a given set of input variables, the single-valued cost function ;

program cormputes and prints out complexity factor, substrate fabrication

cost, assembly cost, recurring material cost, and total hybrid cost; in addi-
tion to cost differential when TCC technology is used. ‘ :
The entire program to compute a single-valued cost function is Q
reported in Appendix B, and typical print-outs are shown in Figure 2-3.
Symbol meanings and the process steps have been included as part of the
print-out for easy reading of the equations.
The cost surface program shown in Appendix C generates a matrix
of cost values, which then are plotted through any graphical display program

to obtain cost surfaces for each couple of desired variables in three dimen-

sions (the third dimension being the cost of the hybrid). Figure 2-4 shows a A
typical graphical output obtained with this program by selecting the total ‘
number of chips and the production rate as variables. Another view of the e :

*References are listed in Appendix "A",

X W . ) o o i
l ot - . R . o o n ot T o o L e SRR
S L N . N “ L P s i . ; i 3




A

—

POLYIMIDE COPPER
TAPE 35 MM FOIL

TAPE LAMINATE PHOTO RESIST ' | WIND -1
PERSONALITY[$| FOILTO |9 COAT EXPOSE p=P| ETCH FGIL jummumer PLATE L. tapeon |
PUNCH TAPE AND DEVELOP FoIL REELS |

GLASSIVATED
SEMICONDUCTOR ADHESIVE

WAFER

L ——
I

I,_. _———
| | sPutTeR APPLY RESIST| |ELECTROPLATE i
D O P oo P| BARRIER =P  EXPOSE  HP| GOLD BUMPS 34
N :l LAYER DEVELOP ON WAFER q
L 4 E
M
K
ETCH OFF .
STRIP UNWANTED DC ELEC CHIP INNER LEAD i
RESIST > WTiAND | Lg TEST SEPARATION = BOND CHIPS [@= = j
GoLD TO TAPE

BURN IN AND CODE TAPE STORAGE DEPOSIT EPOXY OUTER LEAD FINISH
eLecTesT B  FORDEVICE (B rom HvBRIDM ON cuiP MOUNTING = BON D OIS Ll o ey ;
ON TAPE CHARACTERISTICS EMB PAD L3
ASSEMBLY ADS SUBSTRATE AND TEST 2

/
SUBSTRATE \ PWB yi

l
l
l HYBRID
I
l

b ]

| OUTER LEAD! ’_MO L N A
BoND cHIps | o LD | . [rggy | o | ATSEMBLE |
| Toowr =¥ OF e (P bLPTO
LLEAD FRA'\‘H;E_' PACKAGE PWB

2D FRA L 1 Lod Lo

Figure 2-2. Tape chib carrier process flow.
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HYBRID MICROELECTRONICS MANUFACTURE: v=10 J
COMPLEXITY FACTOR(CC)= 0.44 '
SUBSTRATE FABRICATION COST(C'SP)=$183.74 :
ASSEMBLY COST(C'AT)= $1913.66 "I
RECURRING MATERIAL COST(CM)~ $117.22 wl
TOTAL HYBRID COST = $2214.62

an

COMPLEXITY FACTOR(CC)= 0.44 :
SUBSTRATE FABRICATION COST(C'SP)= $96.52 =
ASSEMBLY COST(C'AT)= $1005.26
RECURRING MATERIAL COST(CM)=$117.22
TOTAL HYBRID COST = $1219.00

e

P |

v = 120,000
COMPLEXITY FACTOR(CC)= 0.44 : T

SUBSTRATE FABRICATION COST(C'SP)=$11.10 : %
7

ASSEMBLY COST(C'AT)=$115.58 ;
RECURRING MATERIAL COST(CM)= $117.22 o
TOTAL HYBRID COST = $243.90 oo

HYBRID MICROELECTRONICS MANUFACTURE: v=10
COMPLEXITY FACTOR(CC)= 0.44

SUBSTRATE FABRICATION COST(C'SP)= $183.74

ASSEMBLY COST(C’'AT)=$1913.66

RECURRING MATERIAL COST(CM)= $117.22

TOTAL HYBRID COST = $2214.62

ALTERNATE CASE SELECTED:
EFFECT OF TAPE CHIP CARRIER {(TCC) TECHNOLOGY
ON HYBR!D MANUFACTURING COST:

TAPE CHIP CARRIER COST DIFFERENTIAL(CTCC)= $421.63
TOTAL HYBRID COST WITH TAPE CHIP CARRIER = $1675.77

Figure 2-3. Single-valued cost function print-out for different production volumes (v},
and for TCC case.
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same variables, obtained by axis rotation, is shown in Figure 2-5. As o
production volume decreases and the total number of chips increases, the 3 :
total hybrid cost increases. The exponential behavior of the plot largely is
attributable to the non-linear dependence of the cost function with respect to -

production volume. ai

2.1.2 Modeling to Develop Total Manufacturing Cost of Conventional Packag-
ing via Printed Wiring Board (PWB) Technology =

The cost in dollars of a PWB electronics module (CPWB) which -’
includes assembled electronics component parts, is modeled by the following -

equation: -

ig
4

CPWB = CPMFAB + CPRMA + CMRF + CMRA, (1)

where CPMFAB is PWB fabrication cost, CPRMA is cost of the assembly of
electronic component parts on the PWB, CMRF is recurring material fabrica-
tion cost, and CMRA is recurring material assembly cost.

Production volume and non-recurring costs are not explicitly expressed
in Equation (1), but contained in the CPMFAB and CPRMA terms. Func-

tionally however, CPWB is related to production volume (V), and to non- | 5

recurring costs by a relationship of the type:

CPWB = CWB P(Pl, P,, CCF) F(V); (2)

2’

where CWB is the non-recurring and volume-independent total PWB manufac-

ture cost, and P(Pl’ P2= CCF) is defined by a relationship of the type:

P +(P, + P, + 1) CCF, (3) IS

where P1 and P2 arethe non-recurring fabrication/assembly engineering and

materials cost factors, respectively. CCF is the fabrication or assembly

complexity factor. The function F(V) is defined as:

V) = PHI(V)"k, (4) ;

. o , )
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where PHI depends upon thetype of production facility chosen (prototype or
large volume), and k is a constant representing the slope of the log-log plot
in Figure 2-6, The two straight lines in this figure represent two different
types of production facilitics, and intersections withthie cost axis determine
values of PHI.
Non-regurring costs were introduced into the manufacturing cost

equation for the purpose of generating general equations,from which special
cases can be obtained. In fact, by making Pl = P2 = 0, one can separate the

non-recurring cost from total manufacturing cost.

2.1.2.1 Non-Recurring and Recurring Materials Costs (Conventional (PWB)

]

Packaging)

Non-recurring cost factors were collected for conventional packaging
via PWB fabrication and assembly. These costs were divided into two cate-
gories:

1. Engineering - including design, design review, implementation,

initial planning, test procedures, preparation of specification,
and layout;

2. Materials - including fixtures and tooling, artwork, drill tape,
computer program for breadboard testing, and various assembly
aids,

These costs are included in Tables 2-1 and 2-2 respectively.

The recurring material costs also were collected for PWB fabrica-
tion, and for conventional (PWB) assembly; they are reported in Table 2-3.
Recurring fabrication costs include the cost of board material, (glass poly-
mide and/or glass epoxy), prepregs used for lamination in multilayer fabri-
cation, chemicals (photoresist, stripper, etchants, cleaner, electroplating
baths), and gold electroplating solution. Recurring assembly costs include
the cost of component parts such as resistors (passive axial components in
general), diodes, transistors, hybrid microcircuits, and flat packs. These
costs are expressed explicitly in dollars, whereas the non-recurring fabri-
cation and assembly costs are expressed as percentages of PWB fabrication

and assembly costs, respectively.
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TABLE 2-1, NON-RECURRING PWE FABRICATION COSTS

(PIF' PZF)
Cost Percentage of
Category Cost Breakdown Total Fabrication Cost
Engineering, | Design, design review 25%
Fip Implementation support 10%
Initial planning 15% 20 - 30%
Preparation of specifications, 25%
test procedures
Layout 25%
Materials, Fixture and tooling 30%
P Artwork 35%
2F 20 - 25%
Drill tape 15%
Computer program for 20%
breadboard testing
TABLE 2-2. NON-RECURRING CONVENTIONAL PACKAGING (PWB)
ASSEMBLY COSTS (P, ,, P, ,)
1A ZA
Cost Percentage of
Category Cost Breakdown Total Assembly Cost
Engineering, | Design, design review 25%
PIA Initial planning 15%
1At - [¢)
Implementation support 20% 20%
Preparation of specifications, 15%
test procedures
Layout 25%
Materials, Fixture, tooling, assembly 30 - 35%
P aids
2A
2-12
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TABLE 2-3. RECURRING MATERIAL COSTS (CMRF)

PWB Fabrication

1. Board material: glass-polvimide or glass-cpoxy with copper cladding

2. Lamination material: polyimide or epoxy prepreg

3. Chemicals: photoresist, etchants, electroplating baths, solder,
stripper, cleaner, brightener

4. Gold bath | 2

PWB Assembly 3
1. Axial components (resistors, capacitors)

2. Transistors k

3. Flat packs (mainly used with digital modules) 1

4, Hybrids ;

.

Mathematically, the non-recurring costs may be expressed by an

:

equation of the type

P = (P

F + P,.) CCFAB (5)

1F

for PWB fabrication, and by a similar equation

P, = (P, +P,,)CCA (6)

P o ey TP oA I A o TR AT TPy

for PWB assembly. CCFAB and CCA are complexity factors of PWB fabri-

cation and assembly respectively. %

Fabrication recurring costs (CMRI') can be modeled by the cquation: ;

E

1

CMRF = CMM + CMP + CCH + CAU (7) ;

;

2-13 :
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where ' ”
CMM = 2+ F -NL-SF Board Materials Cost i%
CMP = 0.36*F+NL*SF Prepreg Cost
12
CCH = 0.8 Cost of Chemicals N
CAU = 2.5 Cost of Gold Bath o

Assembly recurring cost (CMRA) is modeled by the equation:

CMRA = CCOMP + COO, (8) ,j;
where COOQO is a constant which accounts for minor miscellaneous materials o ,,?

costs, and the "component parts cost' term CCOMP for analog circuit

applications is given by:

CCOMP = 0.52-NAX + 3.5*NTR + 450 NHY (9) :

For digital circuit applications, the component parts cost is:
CCOMP = 1.5:NFP , (10)

where NEFP is the number of flat-packs (or DIPs). (Definition of terms is ;
included in Table 2-4). The numbers in these equations are the average unit ;

component parts costs in dollars,

et vl

2.1.2.2 Printed Wiring Board (PWB) Fabrication

R

To formulate the model for PWB fabrication to be used in conventional

electronics packaging/assembly, it was necessary to a) collect quantitative
cost factors, and b) model each step of the process. Qualitative cost factors

(1),

already have been collected in previous work

1. Quantitative Cost Factors Collection

Costs were associated with each of the major steps necessary
to fabricate a PWB. This was achieved by examining several I
worl sheets collected from different production facilities. FEach

of these costs was expressed further in terms of process para- -
meters. As a consequence, pairs of parameters, such as cost
of fabrication and number of layers (Figure 2-7), cost of fabri-
cation and yearly quantity produced (Figure 2-6), and cost of
fabrication and weight of the copper-clad material (Figure 2-8),
have been related and expressed in graphical form.

2-14
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TABLLE 2-4. DEFINITION O TERMS: PWB FFABRICATION m
; »
! 1 good ;
CLEAN = 0,5 Cleaning factor 0.5 satisfactory ;
: 0.25 poor 4
4 4
CMF = 1 Complexity of masking { 1.5 extensive ;
operation 1.0 normal 4
CPB= 0,015 Post-bake cost
HD = 25 Hole density ;
]
HDS = 3 Number of different hole
sizes
}
HN = 300 Number of holes %
HS = 32 Hole size :
LS=10 Line spacing
Lw=12 Line width A
5
NI= 10 Number of inspections ]
NL = 6 Number of layers ]
A= 0,37 CARRIER cocfficient
, NL=6 A CARRIER casc only
| ;
¥
f NRETC = 3 Number of retouchings,
capper
: NRHPL = 1 Number of replatings
NRPHR = 5 Number of photoresist
retouchings
N
NT =59 Number of terminals
PS =40 Pad size
(Continued next page)
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Table 2.4, (concluded)

PSF = 1

PWBA = 30

QHEF = 0.5

QPLFEF

"
<
w

TAHF =

i
fu—

TCC = 1

TCUEF = 0.0175

THSE = 1

TMAR = 1

TMF = 1

TR = 0,05

TYR = 0,5

WCU = 2

X =023

SF=10.5

Press cycle factor { i 5
PWB arca, square inches
1
Hole quality factor 0.5
0.3
§ 1
Plating quality factor 0.5
10. 25
, . 1
Adhesive type L5
f1
Curing cycle 12.5
Copper thickness factor,
STDH/ounce
1
Type of heat sink 1.5
1.5
Type ol marking 1.0
s 1
Type of material {] 3
Drilling tolerance
Type of photoresist 8 ;
1.0
Weight of copper, ounces
Drilling tolerance (TR)
exponent
0.3
Size factor 0.5
1.0

cpoxy
polyimide

smooth
medium
rough

good
satisfactory
poor

prepreg
polysulfone

epoxy
polyimide

normal
complex

stencil
ctched

epoxy
polyimide

self-screening
film resist
liquid

size 2 in. x 3 in.
size 5 in. x b in.
size 8 1in.

x 12 in.
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Figure 2-7. Printed wiring board (PWB) fabrication cost as a function of the number of board layers.
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E:
E
2. Process Modeling ;
Process parameters and time of fabrication were related for :
cach step of the fabrication process, which was simplified to
. . . . ki
include only important steps. The fabrication process has been :
modeled by the flow chart in Figure 2-9,
At first, a functional relationship between these quantities was
established. Then, the constants of proportionality were derived by applying
: values as they relate to quantities, process parameters, and costs in standard Y

hours, previously collected.

A complexity factor has been defined as a function of hole density,
line width, line spacing, pad size, hole size, and number of layers. The
PWB fabrication cost then was expressed by an equation which is the sum of

each single process step cost, including the complexity factor.
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2.1.2,2.1 Mathematical Formulation of the Model

The cost in dollars of conventional (PWB) fabrication (CPMFAB) has

been modeled by the following equation:

-K

CPMFAB = CMFAB (PFl + PF2 + 1) CCFAB - PHI (V)™ , (11)

where CMFAB is the volume-and-non-recurring- cost-independent expres-

sion of conventional (PWB) fabrication cost., CMFAB is given by

CMFAB = (CCL + CPH + CETC + CCR + CEBA + CLAM
+ CDRM + CREM + CELS + CPL + CM + CHAR
+ CSRF + CPLC + CHS + CINSPF + CETF
+ CRWF) - WR , (12)

where WR is the wage rate, and all other symbols are identified by steps in
the flow chart of Figure 2-9,

The above equation is based on relationships between process step
cost and process parameters, as indicated in Table 2-5.

The numbers appearing in the equations are the constants of pro-
portionality. These constants were obtained by giving average values to the
process parameters once the process step cost was known. Symbols expres-
sing the process parameters, their meanings, and their typical numerical
values, are listed in Table 2 -4,

The complexity factor CCFAB is defined as

ALPHA

CCFAB (2.1x10-3-HD+0.67-(1./LW+1./LS))

i

BETA _ 4, GAMMA

n

5+(1/PS) (1/HS)

+0.0125+(N1)PELTA (13)

where alpha, beta, gamma,and delta are exponents chosen to be numerically
equal to one. This relationship was found empirically to be the most suit-
able for applications under this program. Further refinement of this equa-
tion might be obtained by giving more weight to some of these exponents
than to others. The numerical values of the four exponents however, should

remain close to unity.
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2.1,2,3 Conventional PWB Assembly ’

e

The assembly model for conventional (PWB) electronics subsystem 1
packaging was formulated in a manner similar to that used for PWB fabri-

cation. Three steps were followed: A £

1. Collection of Quantitative Cost Factors

A cost figure was given to each major step of the assembly
process. These cost figures were obtained from different =
production facilities involved in either manual or automatic

assembly of discrete capacitors and/or other component parts I
on a PWB board. Quantitative values for parameters such as RS
rate of component lead forming, rate of component insertion, 3
rate of magazine loading, rate of leak test, rate of timing, and ‘
rate of vapor cleaning, also were collected. In addition, average
values have been determined for a typical assembly sequence,
and a reference set of PWB assembly costs has been established.

2. Modeling

Process parameter costs were related by functional mathe-
matical relationships for each step of the assembly process
(Figure 2-10); simplified to include only important steps., Once
the shape of the functions was established, the constants of
proportionality were determined by using the quantitative values
previously ccliected. In this case also, as was done for the PWB
fabrication model, a complexity facior has been defined. The
assembly complexity factor was found to be a function of the
density of axial-leaded component parts, the density of other
component parts (including transistors and hybrid microcircuits
for analog subsystems, or flat packs for digital subsystems),
and the average component lead density. Further, this com-
plexity factor was defined to be numerically equal to the PWB
fabrication complexity factor for any given set of parameters.
The PWB assembly cost then was expressed by an equation

involving the sum of each process step cost, andincluding the
complexity factor,

e b b ry B Ll el i e SN o R i

3. Mathematical Formulation of the Model

The cost in dollars for the assembly of discrete electronic com-
ponent parts on a PWB is modeled by the following equation:

2
E « - A = CMA-(PAl + PA2 + 1)-PHI(V)_K'CCA, (14) .
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where CMA is the volume-and-non-recurring-cost-independent
PWB assembly and testing cost. CMA is given by:

CMA = (CLF 4+ CTIN + CVC + CLT + CLM + CCI + CRS + CETA

+ CTROB + CRWA + CCT + CINSPA)+-WR , (15)

where WR is the wage rate, and all other symbols are identified
through the flow chart steps shown in Figure 2-10.

Each step of equation (15) is based upon relationships between those
process step costs and process parameters shown in Table 2-6,

Numbers included in the equations (and in Table 2-6) are constants
of proportionality., These constants were determined by giving representa-
tive values to the process parameters, once the process step cost was known.
The meaning of the symbols expressing the process parameters and their
typical numerical values are listed in Table 2-7.

The assembly complexity factor CCA is defined as:

CCA = CAl-(DAX + DOT) + ca2(DLAB)!* ! | (16)

where the exponent 1.1 has been chosen empirically to fit the experimental

data. The shape of this equation also has been determined empirically by

means of a trial-feedback approach.

2.1.3 Hermetic Chip Carriers - Introducing a New Technology into a Well-
Established Technology

The introduction of new technologies into traditional production lines
can be expensive, if all major consequences are not properly determined.
Predictions concerning these consequences can be made effectively by
employing modeling techniques.

The hermetic chip carrier (HCC) (shown in Figure 2-11) is a

fast-developing technology which has found applications on printed wiring

boards (PWBs) and on ceramic wiring boards (CWBs) as a direct replacement

for flat packs or dual-in-line-packaged (DIP) components. Preliminary cost

analyses show that hermetic chip carriers (generally fabricated from ceramic

for military-grade applications; or from either plastic or ceramic for com-

mercial applications) are an economical method of packaging LSI chips.
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TABLE 2-7. DEFINITION OF TERMS: CONVENTIONAL (PWB) PACKAGING
ASSEMBLY (RATES ARE EXPRESSED IN NUMBERS OF
COMPONENT PARTS/HOUR)

AVCCC = 0.5

BF = 1

CAl = 0. 050
CA2 = 0,009
DAX = NAX/PWBA,
DLAV = 206
DOT = NOTH/PWBA,
N=1

Nl = 0.1

N2 = 0.02

N3 = 0.01

NA = 2

NAX = 80

NC = 94
NFP = 94
NHY = 10
NI= 5

NOTH = 14
NSJ = 800
NTR = 4

R =

RFORA = 60
RFORFP = 1200
RFORH = 120
RTFFORT = 20
RIA = 60
RIFP = 1200
RIH = 120
RIT = 20
RLM = 500
RLT = 50
RTIN = 50
RVC = 100
Y=1

PWBA = 30 in’

Average component complexity factor
Bending factor (1= automated; 10 = manual
Asscembly complexity factors constant
Assembly complexity factors constant
Axial component density

Average lead density per component
Other component density

Number of reworks

Fraction of hybrids reworked
Fraction of other components reworked
Fraction of solder joints

Number of sides

Number of axial components

Number of components

Number of flat packs

Number of hybrids

Number of inspections

Number of other componcents

Number of solder joints

Number of transistors

Component type (1 = axial; 0 = other)
Rate of forming of axial components
Rate of forming of flat packs

Rate of forming of hybrids

Rate of forming of transistors

Rate of inscrtion of axial comps.

Rate of inscertion of flat packs

Rate of insertion of hyhrids

Rate of insertion of transistors

Rate of loading

Rate of leak test

Rate of tinning

Rate of vapor cleaning

Exponent of AVCCC

Arca of board
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Figure 2-11. Hermetic chip carrier configurations.
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In view of the performance improvements and size/weight reductions
associated with HCC technology, it is important to determine the cost effects

of these packages on conventional PWB electronics subsystem fabrication *

when the two technologies are combined.

I AL SV PR FTRIT . Y et

Y e B TR (e AT e B L

Cost factors related to HCC technology were collected from an internal °

study intended to modify some of the actual electronic modules for the F-15

Radar S)rstexuw(3). By constructing a selected PWB module (originally designed

with through-holes to permit usage of wave-soldered flat-packs) utilizing the

same number of surface-reflow-soldered HCC packages, cost savings can be

realized in fabricating the board by laminating five layers, instcad of the

cight layers which otherwise would be required. This reduction in the num-

ber of layers can be expressed as a space savings of about 44 percent, Sav-
ings also are achieved in the HCC package assembly process. The difference

. . . <
between IHHCC and flat-pack assembly processes is represented in Figure 2-12,

- . . . i
Additional handling, lead forming, and lead cutting steps are needed to 4

" asscemble flat-packs, while the cost of assembling LSI ¢hips into HCC pack-

apges is about the same as that for chips mounted in flat-packs. This process

)

can be modeled in both cases (flat-packs and HCC packages) by means of the q
flow charts shown in Figure 2-13. :
The assembly of hermetic chip carriers onto PWBs was modeled 4

from the process represented in Figure 214, :An analysis of this simplified

process shows that the cost of IICC assembly is modeled by the cquation

CMA =~ ((CLF+CTIN+CVCtCLT+CLM+CCI+CRS+CETA+CTROB
+CRWA+CCT+CINSPA)-(1+D) - (CLF+CTIN+CLT)) « WR, (17)

where D is a factor representing the assembly cost differential when IICCs
are used. Other cost savings are associated with materials costs, Hermetic
chip carriers can be purchased at a lower unit price than can flat-packs. The
difference in cost of these units as a function of lead/pad count is reported in

Figure 2-15,
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O CHIP CARRIER (3M),100 PCS

) CHIP CARRIER (3M),10,000 PCS
/\ FLAT-PACK, KYOCERA,100 PCS
[ FLaT-PACK, KYOCERA,10,000 PCS

UNIT COST, $

13

| | ] | 1 1 1 |

o 10 20 30 40 50 680 70 80
NUMBER OF LEADS

Figure 2-15. Hermetic chip carrier cost vs numbers of leads/pads.
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The component parts material cost, (CCOMP) then is modified to
include the cost effects of the HCC package:

CCOMP = B*15-NFP , (18)

where B is a coefficient of proportionality. The term B+ NFP is the actual
number of HCC packages used. The number 15 represents an average cost
value for flat-packs with LSI chips, and NFP is the number of flat-packs,
In addition to the above-described cost savings when HCC packages
are utilized, the cost of associated materials items such as CMM and CMP

(page 2-14) is reduced because of the space savings attained with HCCs.

2.1.4 Computer Programming and Models Verification

Computer programs were developed for the computation of PWB
manufacturing costs in a fashion similar to that developed for hybrid micro-
electronics subsystems. Such models, developed and expressed with mathe-
matical equations, turned out to be equally suitable for programming, when
compared with the hybrid models. Consequently, the computer was used not
only to verify the initial functional relationships assumed to exist between
parameters and costs, but also to refine them.

Two computer programs were written: one to compute a single-
valued cost function; the other, to generate a cost surface. The single-
valued-cost-function program includes three application cases: analog,
digital, and hermetic chip carrier. Normally, the program computes the

cost for the analog case if the other two are not requested specifically.

Hermetic chip carrier technology is a growing LSI packaging approach

which allows dense packaging of LSI chips, along with improved performance.
A cost impact study in comparison with more traditional technologies (such
as conventional PWB assembly) is important as an aid to enhanced imple-
mentation of this relatively new technology into the mainstream of electronics
packaging methodology. The cost factors and equations developed for the
HCC technology were computerized, and the total cost of PWB manufacture/

assembly with HCC packages was computed.

SO TE R £



For a given set of input variables, the program comjates andprints
out PWB ifabrication cost, PWB assembly cost, recurring material fabrica-
tion cost, recurring material assembly cost, fabrication complexity factor,
assembly complexity factor, and total manufacturing PWB cost for the three
cases (analog, digital, and PWB module with HCC packages).

The program to compute a single-valued function is reported in
Appendix D; typical print-outs are shown in Figure 2-16. Meanings of the
symbols used, and that of the process steps have been included in the pro-
gram printout, so that interpretation of the equations is relatively simple.

The computer programs required to generate cost surfaces were
developed for conventional (PWB) fabrication/assembly in a manner similar
to that utilized for hybrid microelectronics. This program, shown in
Appendix E, generates a matrix of cost values which then are plotted by
means of any convenient graphical display program to generate cost surfaces.

A typical graphical output computed from usage of this program is
shown in Figure 2-17, which illustrates the total manufacturing cost surface
as a function of layers and production volume. An alternate view of this
same cost surface is obtained by rotating the axes, as shown in Figure 2-18.
As production volume decreases and the number of layers increases, the
cost increases. The non-linear behavior of cost withthese parameters is
attributable largely to the presence of the production-volume term.

When the cost surface representing total PWB manufacture and
assembly is compared to that for PWB fabrication alone (represented in
Figure 2-19), it can be seen that the latter varies with the number of layers
(especially at low production volume) much more than does the total PWB
manufacturing/assembly cost. Evidently those costs involved in the assembly
of conventional component parts onto PWBs cause potentially significant

changes in the overall surface shape.

2.1.5 Recommendations for Future Study (Task A)

Mathematical cost models are useful only if they can be interpreted

easily by engineers, designers, and production managers to estimate the
cost evolution of electronic systems as the technology changes. Model

representation therefore must be easy to understand, and the means for
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PRINTED WIRING BOARD MANUFACTURE:

SPECIAL CASE SELECTED: NONE (NONE = ANALOG)
{CARRI = CARRIER; DIGIT = DIGITAL)

PWB FABRICATION COST C'MFAB = $214.54
PWB ASSEMBLY COST C'MA = $236.10

RECURRING MATERIAL FABRICATION COSTS CMRF = $10.38
RECURRING MATERIAL ASSEMBLY COSTS CMRA = $4575.60

FABRICATION COMPLEXITY FACTOR CCFAB = .500
ASSEMBLY COMPLEXITY FACTOR CCA = .,500

TOTAL MANUFACTURING COST CPWB = $5036.61
PRINTED WIRING BOARD MANUFACTURE:

SPECIAL CASE SELECTED: CARR!
(CARR! = CARRIER; DIGIT =DIGITAL)}

PWB FABRICATION COST C'MFAB = $159.64
PWB ASSEMBLY COST C'MA = $338.50

RECURRING MATERIAL FABRICATION COSTS CMRF = $5.92
RECURRING MATERIAL ASSEMBLY COSTS CMRA = $823.70

FABRICATION COMPLEXITY FACTOR CCFAB = 453
ASSEMBLY COMPLEXITY FACTOR CCA = 500

TOTAL MANUFACTURING COST CPWB = §$1327.77
PRINTED WIRING BOARD MANUFACTURE:

SPECIAL CASE SELECTED: DIGIT
(CARRI = CARRIER; DIGIT = DIGITAL)

PWB FABRICATION COST C'MFAB = $214 .54
: PWB ASSEMBLY COST C'MA = $185.73

RECURRING MATERIJAL FABRICATION COSTS CMRF = $10.38
RECURRING MATERIAL ASSEMBLY COSTS CMRA = $1430.00

FABRICATION COMPLEXITY FACTOR CCFAB = 500
ASSEMBLY COMPLEXITY FACTOR CCA = .500

§ errami g

TOTAL MANUFACTURING COST CPWB = $1840.65

Figure 2-16. Typical PWB print-outs.
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implementation must be readily accessible. The three-dimensional display
of cost functions, developed under this program, is one methodology for
effectivelv transfeving information from mathematical algorithms to the
point of implementation.

The study of cost surfaces eventually will lead to a classification of
cost factors and model types which are invariant for given sets of electronic
systems (or technologies). Specific cases then can be deduced from these
invariant sets of surfaces, and with the appropriate boundary conditions
which identify a given electronics module, appropriate mathematical equ.a-
tions can be formulated.

It is proposed then to undertake a study of the properties attributable
to cost surfaces. A question such as: '"Could hyb:id microelectronics pack-
aging technology be combined with conventional PWB packaging to form an
entirely new type of electronics packaging methodology? ', could be answered
by taking representative surfaces for the two existing technologies and
deforming them until they overlapped. If overlapping is obtained with a
permissible deformation process, then the deformation parameters will be
representative of those technological changes which make possible a unifica-
tion of the two differing technologies. The development of cost surface
analysis techniques will be extremely beneficial; especially in those fields of
electronics where growth depends upon the convergen~e of several apparently-

differing technologie=.

2.2 TASK B - TAPE CHIP CARRIER (TCC) DEVELOPMENT

The emphasis over the past six months has been to continue refining
existing processes, and to initiate new processes and equipment designs in
order to improve yields, imiprove product reliability, and increase produc-
tivity. This expanded view of Task B and its goals resulted in faster, better,
and more versatile methods for many of the tape and wafer fabrication steps.

The main approach has been to process at least three to ten tzpe
strips at a time, of increased lengths ranging from 14 inches to three times
that (or 42 inches), instead of the individual one-tape-at-a-time means.

Still other approaches allow the initial processing of uncut tape carriers with

special reel-to-reel stations. The usage of larger tanks provides the ability
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to plate, develop, strip, and rinse more tape strips at a time, and in a
manner which is more effective than that used before. Special film handling
fixtures, ovens, hangers, cutters, splicers, andcleaning equipment now are
either in use or beir 7 installed to better control and expedite the processes
involved. Additionally, up-to-date digital-reading clectronics equipment is
being used, and wherever possible, standard 35-mm motion picture equip-

ment is employed.

2.2.1 Tape Process Refinement

The general processing procedurcs for tape carriers basically remains
the same, with changes made mainly with respect to the use of new, more
effective equipment, and increased tape strip lengths. With reference to the
block diagram of Figure 2-20, and beginning with the initial cleaning step,

a reel-to-reel station (shown in Figure 2-21) is being used to run continuous
uncut or other strip lengths as desired through special felt pads, saturated
with a cleaning solution (Ammonium Persulfate); then onward through an
atomized distilled water spray rinse (shown in Figure 22) or into a distilled

water bath,

Tape Photolithcgraphy

The drying or photoresist prebaking of the tape can be done ten at a
tirne, using any length up to 42 inches, within either the standard Blue M
oven (shown in Figure 2-23A) or within the film drying oven (shown in Fig-
ure 2-23B), secured by means of a special hanger. These process improve-
ments provide greater tape throughput with much less handling time, thereby
permitting increased yields.

Roller-coating wet photoresist with the Gyrex Type 9 Microcoater
remains the same as reported in the Interim Report(‘”. (Figure 2-13,
page 2-27), except that a fixture has been added (shown in Figure 2-24) which
accepts 14-inch tape strips in lots of 10 for baking-on the photoresist, and
for transporting the strips between labs. With this fixture, less oven space
is needed, and less handling is required; but moreover, there is no more
damage due to sliding strips. To better achieve the 14-inch-strip capability,

a special cutter has been constructed (shown in Figure 2-25) to accept reels
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Figure 2-21. Tape chip carrier reel-to-reel
pre-cleaning.

,' Figure 2-22. Atomized spray rinse station. t
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a. Ten tape carrier strips drying in Blue M oven

-3

b. Ten tape carrier strips being processed in drying ovens
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of tape as received from the vendor in lengths up to 1000 feet, to measure
out the strip lengths desired, to repeatedly cut these strips square, and to
hold the free end from the reel ready for the next cut. The cut strips are
of equal lengths, and the entire cutting operation takes place in a much
shorter time period, and with less handling.

Alternatively, a new concept of roller coating with 42-inch strips is
being studied. The use of a transport tube (shown in Figure 2-26) will pro-
vide a means of holding 10 strips around a six-inch-diameter plastic opaque
tube, utilizing another outer opaque cover for traveling between labs, for
drying, and when etching. This tube concept will be reduced to practice
during the potential follow-on program to be proposed as Supplementary
Agreement No. 3.

The exposure station has been redesigned to accommodate a special
vacuum frame (shown in Figure 2-27) which holds three of the 14-inch strips,
and with more intense lamps replacing the previous 400-watt mercury vapor
light source. Replacement of the mercury vapor lamp with a 4500-watt UV
system has decreased the exposure time to less than half that required
earlier (from 270 to 120 seconds). Usage of the new vacuum frame triples
the throughput; but moreover, the three tape patterns etched into the frame
provide the standard 35-mm sprockets and site supports to improve tape
handling. This fixture also facilitates the use of 35-mm film photomasks,
which are an attractive alternative to the usage of mylar sheet film photo-
masks, in that the former includes inherently-built-in alignment accuracy
brought about by pre-punched sprocket holes. In addition, being of standard
35-mm film, they can be used for exposing tape by means of a closed-loop
concept which permits hands-off, automatic program processing as shown
in Figure 2-28. A digital LED displaying counter and opaque standard 35-mm
leader tape are used here, together with photo-optical sensors (shown in
Figure 2-29) to pick up the sprocket holes, to count between exposure frames,
to count the number of sites exposed, and to shut off the system when the run
is completed. This closed-loop concept is being investigated for implementa-
tion during the potential follow-on program to be proposed as Supplementary

Agreement No. 3.
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LIGHYT SEALING END AND BASE
FOR VERTICAL STANDING
STORAGE

COATED TAPE CHIP CARRIER

OUTER TUBE OPAQUE

Figure 2-26. Proposed tape transport tube.

Figure 227 Thiee stnip vacuum exposure frame
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Fiquie 2 28 Concept of automatic closed loop
35 mm photomask and tape-chip carnier

EXPOosure system

Figure 2.29. Closed loop 25-mm digital displ
photo-optical infrared sensor
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Large stainless steel tanks with temperature controls and a dry

nitrogen bubbler agitation system have been added for wet photoresist develop-
ment, dry photoresist development, photoresist removal, and spray rinsing l
(shown in Figure 2-30). Each tank is capable of handling 10 or more 14-inch
tape strips at one time to improve productivity. Moreover, usage of con-
trolled heat and agitation permits more uniform and repeatable development l
times. The purpose of the agitation system in the photoresist remover
solution is to accelerate the process; again improving productivity,
Application of Shipley Type AZ1350J photoresist to the polyimide
window to compensate for the ''tent' effect (Interim Report(z), para-
graph 2. 2.1, page 2-19) has been improved, both in its uniform coverage
and its application speed. The liquid resist is applied by dispenser means
to the five-mil stepped areas, rather then by hand brushing. A brush is
used only for touch-up, and then with a single-stroke technique made possible

by using window-size, 6-to-12-mm-wide brushes. Also, a new reel-to-reel
tape handling station (shown in Figure 2-31), or a three-strip holding plate

(shown in Figure 2-32) can be used. Both approaches reduce the handling
time significantly, lessen damage, and thus again improve yield.
Photoresist postbaking has been reduced from 125°C to lOOOC, and
is followed immediately by the dry resist lamination. The new temperature
was selected for its compatibility with the new window coating method, and
to be compatible with the 100°C lamination temperature of the Riston
Type 218R photoresist., By laminating immediately, the Riston conforms
better to the geometric step of the window, giving better protection from the
etchants in lead-defining later on. Although either 42-inch or 14-inch tape
strips can be laminated, the shorter length has a wider alignment tolerance,

and thus permits achievement of the best yield.

Tape Etching

Etching has remained unchanged with continued use of the Chemcut
Model 547 Spray Etcher. Two designs are underway however, to improve
productivity. The design of a tape strip holder for securing the longer 42-inch
lengths eliminates many of the taping and cutting operations presently required.

The proposed alternative design is to process reel-to-reel with the Western
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Tigure 2-30. Wet photoresist developing, dry photo-
resist developing, and co-resist removal stations.

Figure 2-31. Resist dispensing on continuous tape
chip carriers with reel-to-reel station.
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Figure 2-32. Photoresist dispensing on tape chip
)
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Figure 2-33. West

carvier strips.

ern Technology Association Dynamil
VRPS50 spray etcher
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Technology Association Dynamil VRP 50 Spray Etcher (shown in Figure 2-33),
using pneumatic or hydraulic atomized spray heads, with a motorized 35-mm
motion picture rewind system. Usage of the atomized spray for the etching
and follow-on DI-water rinsing steps will reduce liquid spray pressure on
the leads, thus reducing damage and increasing yield. The atomized spray
has been evaluated, and will be installed as a2 standard processing technique
during the time period to be proposed as Supplementary Agreement No. 3.
Visual inspection can be accomplished with separate tape strips, or
as a continuous spliced length on a new reel-to-reel inspection station with
a built-in 7-to-30X zoom microscope; built-in illuminator with intensity
selection; adaptor selection for other IMI reels, standard 35-mm 400-foot
reels, or 35-mm 1000-foot split reels and with either square, round, or core-
type centers (shown in Figures 2-34A and 2-34B). This station increases

productivity, and because handling is reduced, it also increases yield.

Tape Plating

A number of improvements have been made with respect to tape
plating processes. These improvements result in better yield, and also in
enhanced versatility, New gold and nickel plating tanks, complete with
plating apparatus (shown in Figure 2-35), and an improved power co:trol
console shown in Figure 2-36) have been placed into operation for this pur-
pose. Only the gold plating set-up currently is being utilized; both plating
baths have been equipped to handle from six to ten 14-inch tape strips; to
allow mixing of lead patterns; to provide capability for setting plating cur-
rents on an individual basis, and to utilize temperature-controlled quartz
heaters in combination with recirculating pumps to provide more uniform
plating coverage.

The concept of motorized tape-strip-holder agitation in each plating
bath has been implemented to provide more uniform plating results, and the
usage of liquid level sensors will prevent run losses caused by insufficient
or unbalanced (evaporated) plating solutions. New Ph indication measure-
ments now are used to assure better bath control, and all nlating currents
are indicated digitally and continuously ‘o reduce meter reading errors.

Separate ten-turn counting dial controls are provided, along with a ten-jack
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a. Tape chip carrier visual inspection station for
strips or continuous reel-to-ieel usage

b. IMI reel, 35-mm 1000’ split reel, and 400’
standard 35-mm movie reel, with center adapters
for reel interchangeability

Figure 2-34. TCC reel usage.
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Figure 2-35. Improved plating tank set-up

Figure 2-36. Plating control/power supply console.
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a. Capacitance testing of etched tape strips

b. Measuring contact resistance of mounted tape
strips with a Fluke Typs 8502A resistance bridge

Figure 2-37. Plating set-up/monitoring equipment
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control panel for individualized selection and control of s ~cific tape types.
A capacitance test fixture (shown in Figure 2-37A) is being utilized to sense
the etched pattern area so that initial plating current requirements may be
determined more accurately, A Fluke Type 8502A Digital Multimeter
(showrt in Figure 2-37B) is being used to monitor reductions in current which
are required for accurate plating control, Along with these measuring
devices, three instruments are being used to check plated thicknesses so
that specific plating time requirements may be determined. These include
the Zeiss Light Section Microscope (shown in Figure 2-38), the Sloan Dektak
(shown in Figure 2-39), and the Type DD-700 Betascope (shown in Fig
Figure 2-40),

In an effort to further increase vield, the basic Honeywell-designed
piating rack (shown in the Interim :h-p.-z’li"'. Figure 2-14, page 2-27) cur-
rently is being redesigned, as indicated in Figure 2-41, to provide four
additional plating positions (so as to be compatible with the ten-strip pro-
cessing methodologies), to provide better individual contact capability, to
be compatible with the ten-jack control panel circuitry, and to provide a
hingeable Velcro-strip latching cover for quicker and less damaging loading
and unloading operations.

Hughes tape chip carriers currently are being produced satisfactorily
with only gold plating over the etched copper. The addition of a one-micron-
thick plated nickel layer between the copper and the gold is being investigated
however, for the purpose of preventing possible inter-diffusion of the gold
and the copper, thus assuring lead integrity under potentially-adverse environ-
mental conditions, A continuing investigation involving pull-strength testing
of chips gang-bonded to tape chip carriers and to hermetic chip carriers will
serve to determine whether addition of the nickel barrier layer will provide
the best reliability and yield.

The reel-to-reel station is utilized again for final visual inspection,
Designs currently are being made however, to co-reel etched and plated
tape onto the standard IMI reel (shown in Figure 2-42), along with 35-mm
standard movie leader ntilized as a separator. A splicing station (shown in
Figure 2-43) is utilized to connect all completed and acceptable strips into

a continuous strip. Much time is saved and potentially-damaging handling is

-




Figure 2 39
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Figure 2 38 Plating thickness measure
ment with a Zeiss hight section

MICToscope

Figure 240 Plating thickness measurement
with a Mode! DD 700 Betascope
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LATCHING STRIP

VELCROCLOTH
LATCHING STRIP
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PLASTIC COVER
FOR VARIABLE
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Figure 2-41. Improved plating rack design
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Figure 242 Coreeling completed etched and plated

tape chip carriers with 35 mm separator film

Fiqure 243 Sphicing of completed tape strips with

35 mm leader tilm

Figure 244 Tape, leader separator tilm, and timished

TCC storage
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reduced as a result of utilizing co-reeling and splicing techniques; the tapes

are:

1. Now easily and safely stored within standard film cans (shown
in Figure 2-44),

Take up minimum storage space, and

r

W

. Are immediately available for use on the IMI Model 207
Inner-Lead Bonder.

Wafer Bump Process Refinement

Fabrication of a fountain-type plater (discussed in the Interim
Rvpm‘tu), Paragraph 2.2.2, pages 2-28/2-2Y) is progressing well. The
major initial in-house design work has been completed, and assembly is in
progress, as shown in Figure 2-45, The plater comprises three fountain
stations, all fed from a non-filtered pump through three individual flow meters.
Two cups or fountains accept either three-inch or four-inch-diameter silicon
wafers; the third cup is intended for any wafer three inches or less in size.
Usable remnants which may be broken from expensive large wafer patterns
(or which may be shipped in mixed form by semiconductor suppliers desiring
to suppress their yield information), thus can be utilized effectively. Usage
of smaller wafer sections is made possible by multiple wiring of parallel-
connected individually-spring-loaded contacts, as shown in Figure 2-46.
Other special features to improve bump uniformity, to minimize height
variation, and to promote good bump shaping, include the following:

1. An entrance chamber to create a more even and regulated

pressure source,

2. A finely-perforated baffle to partially regulate the pressure;
and to provide a uniform vertical flow rate across the inner
tube area, upward through the anode screen, and onto the
wafer, and

>

. Large peripheral exit holes to assure more-uniform flow
rate across the fuli wafer surfaces.
These improvement are shown in the diagram of Figure 2-46.
Outer anode contacts provide electrical connection without introducing
contaminating contact materials which could affect the hardness (and thus
the bond-ability) of the plated bumps. A\ secondary pumping system includes

in-line filters to recirculate the plating solution continuously, and to remove
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Figure 2-45. Wafer fountain plating station.

DRY
WAFER LOADING/ NITROGEN
UNLOADING RING NOZZLE

WAFER

EXITS FOR
ELECTROL /TE
FLOW

CONTACTS

ANODE

EXTERNAL ANODE
CONTACTS

BAFFLE

SYSTEM BASE

Figure 2-46. Fountain plater cup with spring contacts
and peripheral exits for electrolyte flow
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loose particles. This system (shown in Figure 2-47) pumps the solution
around the outside of the three cups and around a quartz heater. This outer-

bath circulation permits usage of a single heater for all the fountains. In

addition, the outer bath acts as a buffer to the natural atmosphere tempera-
ture changes, and to the temperature changes of the cycling heater. As an
added safety feature, this outer bath is used to sense and thermostatically
control the temperature, and also to provide a level below which the system
automatically will shut off. The result will be fewer unplated or thinly-
plated bumps, currently caused by particulate contamination.

Currently, studies are continuing in an effort to improve adherence
of the dryv-resist pattern-plating film. There have been some lifting prob-
lems, contributing to partial loss of otherwise good chips. It is felt that a
100°C preheating technique should be used on the wafer in a manner similar
to that utilized for tape carrier strips (Figure 2-20, step 13). In addition,
other cleaning and drying methods may be used. The need for these latter
improvements is based on results of research studies of thin film deposition
precleaning techniques. Toward this end, a cascade rinse station, shown in

Figure 2-48, currently is being added.

2.2.2 ILB Process Refinement

During the time period covered by Supplementary Agreement No. 2,
Hughes received a Model-207 production-grade Inner- Lead Bonder, purchased
from International Micro Industries (IMI), Cherry Hill, New Jersey as a
capital equipment item. This equipment, shown in Figure 2-49A, was selected
over the more-widely-used Jade Corporation inner-lead border after a
thorough competitive evaluation involving relative versatility, flexibility,
adaptability to hybrid microcircuit applications, operational reliability, and
overall effectiveness. The close-up view of Figure 2-49B shows a bumped
wafer in place, with the matching tape carrier strip superimposed in the film
carriage.

Checkout activities related to this machine were initiated during the
first six-month period of this follow-on program, and have been continued at
a relatively low level during the latter six-month period. Current Hughes
tape chip carrier applications require only small quantities of inner-lead-

bonded semiconductor devices. This minimized initicl need to date has tended
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Fiquire 2-47. Fountain plater recuculation and
filtering system

Figure 2-48. Cascade method of wafer rinsing
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a) OVERALL VIEW

b) CLOSE-UP OPERATING VIEW

Figure 2-49. IMI Model-207 inner-lead bonder.
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to discourage strong investment of relatively limited manpower toward

detailed checkout of equipment which already has been proven effective in
small quantity applications. As Hughes internal needs increase, ILB

process refinement will be expanded.

2.2.3 OLB Process Refinement

During the time period covered by Supplementary Agreement No. 2,
the combination excise/forming tool diagrammed in Figure 2-50 was designed
and ordered through the Hughes Industrial Product Division (IPD), Carlsbad,
California. An assembly drawing of this tool (which was delivered during
August, 1979) is shown in Figure 2-51,

Hughes has procured a manual Outer-Lead Bonder from IPD. This
bonder, shown in Figure 2-52, may be used in either a pulse-reflow-solder
or a thermocompression-bonding mode. It utilizes a Hughes thermocouple-
controlled AC power supply and a Hughes welding head fitted with a tungsten-
carbide square-ring bonding tool. The unit is designed to supply a controlled
"Time-At- Temperature' heating pulse, with separate time, temperature, and
force adjustments. Its operation, shown in the close-up of photograph of
Figure 2-53, involves vacuum pick-up of the '""'spider'' (excised chip with
formed tape-carrier leads attached); placement of the substrate (in this case
represented by the hermetic chip carrier) through light-beam alignment; and
outer-lead bonding by foot-pedal action: as the foot pedal is depressed, the
vacuum quill and surrcunding collet is lowered until the ''spider'' die makes
contact with the substrate, on which an appropriately-located ''dot'" of epoxy
has been placed. As the pedal is depressed further, the collet makes contact
around the OLB lead periphery, and sufficient pressure is applied to activate
the digitally-timed power supply, either in a pulse-reflow-solder or thermo-
compression bonding mode. After pre-set heat and pressure is applied to
make the bond, the preprogrammed power supply turns off, and cooling action
takes place. At this time, the pedal is released, and the next ''spider'' assem-
bly may be aligned for vacuum pick-up. A typical outer-lead-bond to a thin
film gold metallization pattern requires a tool temperature of 450°C, pulsed
for one second at 17, 000 psi per bump. Stage heating need not be used in

this outer-lead bonding process.
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Figure 2-51. Combination excise/forming tool-assembly drawing
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Figure 2-52. Hughes-IPD manual outer-lead bonder.

Figure 2-53. Close-up opi

ition of Hughes-IPD manual outer-lead bonder.
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This OLB concept reaaily will be adaptable to semi-automatic opera-
tion when capital fundir: becomes available. Hughes OLB activities cur-
rently are confined to those which can be accomplished with the manual unit,
Appropriate tools have been ordered to demonstrate OLB processing of the
semiconductor devices listed as A, B, C, and D in Table 1-1. The remain-
ing OLB tools (including those required to demonstrate TCC processing of

STAR devices) will be procured as the need arises for their use.

2.2.3.1 Pull-Test Results with Chips Mounted in Hermetic Chip Carriers

During the first six-month effort under Supplementary Agreement
No. 2, Hughes Type HCMP 1824 wafers (32 x 8 Static RAMS) were bumped,
inner-lead-bonded, excised, and outer-lead-bonded to standard 24-lead
commercial-style hermetic chip carriers to form pull test samples. The
bumped wafers exhibited a 75-to-90-gram bump shear strength, with all
failures occurring as chip-outs in the silicon beneath each bump.

The size of the chipis 0,117 in, x 0,156 in,, leaving a lead span of
70 to 105 mils within the chip carrier. Lead widths at inner ends varied
from 4.0 to 4. 5 mils. Double-bond pull testing was performed at a rate of
four grams-per-second, with the hook gripping in the center of the span.
The mean pull strength of 122 leads was 53,2 grams, with a standard devia-
tion of 12,6 grams (n-1 weighting). A histogram of the data is shown in
Tigure 2-54. A majority of the pull strength failures occurred in the lead
itself, with only one bond lifting from the chip carrier pad at 45, 6 grams,
Other modes of failure included lifting at the inner bond, bump shearing at

the thin film interface, and chipping of the silicon beneath the bump.

2.2.4 Test/Burn-In Process Refinement

All tape designs for semiconductor devices (listed in Table 1-1)
utilized as investigative vehicles under this program include provisions for
burn-in and functional testing after ILB, as discussed in Paragraph 2,2.5,
page 2-54 of Report No. P78-549, The manual punch-out tools shown in
Figure 2-55a and 2-55b are used to remove tape metallization shorts, and
appropriate wire bonds are added where required. An example of the TCC
tape punch-out sequence and resulting interconnecticns for plating, burn-in

testing, and functional testing required for a typical CMOS device, is shown
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a) TOOL/DIE PUNCH-OUT SET — BENCH-TOP MOUNTING

b) HAND-OPERATED PUNCH-OUT TOOL

Figure 2-55. Manual punch-out tools.




TTEETETTEN

in Table 2-8 and illustrated in Figure 2-56, Time/funding limitations

prevented detailed investigation and demonstration of burn-in/functional test-

ing during this Supplementary- Agreement No, -2 time period,

Such demon -

strations are vital to TCC technology implementation in many hybrid micro-

electronics applications.

by Hughes for a potential Supplementary Agreement No. 3 will be based

strongly on refining and demonstrating effectiveness related to testing/burn-in

aspects of the semiconductor devices mounted on tape chip carriers,

>
-

2.5 Hybrid Microcircuit Applications

A Hughes-designed Digital Correlator Hybrid Microcircuit (Part

No. 1040508) used on an advanced-technology Air Force communications

For this reason, any follow-on program proposed

system has been selected for the first TCC process demonstration circuit

TABLE 2-8.

EXAMPLE OF TCC TAPE PUNCH-OUT CONNECTION

SEQUENCE (TYPE 342 CMOS DIGITAL CORRELATOR)

Pattern Punch-
Out and Wire-

(Figure 2-23c)

Bonds Broken.

Condition Bond
No. Description Connections Remarks
— —
l. Original Tape | None All metallization electrically
Pattern interconnected to permit
(Figure 2-23a) electrolytic gold plating
2 Burn-in Tape | Positions ""A" Interconnections remain for
Pattern Punched Out. burn-in testing. Bias Voltages:
(Figure 2-23b)| Wire Bonds 5 volts from outside bar to
"X-X" ground; 10 volts from inside bar
Connected. to ground.
3. Functional Positions '""B"' Probe Pins apply a +5-volt
Test Tape Punched Out. signal between pad 3 and
Pattern All Wi- ground (pads 4, 13, 23, and

31); a -5-volt signal between
pad 24 and ground; and a
+10-volt signal between pads
1/2/20/21/22 and ground.
Functional test outputs appea
as specified levels at
appropriately-numbered cloc
and signal pads.

r

k
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+5 VOLTS GROUND

A, PLATING INTERCONNECTIONS

+10 VOLTS +5 VOLTS GROUND
CLOCK LINE

8. PREPARATION FOR BURN-IN

X &——@ X WIRE BOND +10 VOLTS

O runcH (a) CLOCK LINE

LOCUS AREA FOR TAPE PROBES

C. ADDITIONAL PREPARATION FOR FUNCTIONAL
TEST AFTER BURN-IN,

O PUNCH (B)

REMOVE WIRE BOND S (X — X of FIGURF : 23B)

Figure 2-56. Tape Punch-out sequence.
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under this program. As shown in the schematic diagram of Figure 2-57,
this microcircuit is an excellent example to illustrate the economic need for
TCC technology, since a single relatively complex CMOS LSI device (Hughes
Type 1037342) is utilized ten times. The conventionally-wire-bonded version,
shown in Figure 2-58, currently is being fabricated in the Hughes- Newport
Beach SSPD Hybrid Microcircuit Laboratory. First-pass yield rates typi-
cally are less than 50 percent, since the chips cannot be characterized
functionally in a cost-eifective manner prior to microcircuit assembly,

Mechanically- satisfactory Type 342 wafers were bumped during the
first six-month time period under Supplementary-Agreement No. 2, as
lustrated in Figures 2-59a and 2-59b, The first-iteration patterned tape
for this application is shown in Figure 2-60: this same tape is shown super-
imposed over the matching bumped wafer in Figure 2-61.

Several shortcomings were noted in this first-iteration tape pattern:

the longer diagonally-patterned runs were too narrow to achieve the rugged-

ness of structure normally associated with tape carrier leads. In addition,
overlay checkout between the ceramic-based interconnection network and the
tape carrier network patterns was insufficient to prevent a minor offset con-
dition. For these reasons, a second-iteration tape carrier layout was
designed and fabricated.

The single-layer thin film interconnection network (substrate) cur-
rently being utilized (Figure 2-58) has been replaced by an equivalent multi-
layer thick film network; the two metallization patterns and the dielectric
pattern for this network are shown in Figure 2-62; a photograph of the com-
pleted multilayer network is shown in Figure 2-63. During the second six-
month time period under this program, the ILB, excising, forming, and
OLB efforts necessary to fabricate mechanical samples resulted inthe tape-

mounted digital correlator chips shown in Figure 2-64, and the completed

digital correlator unit shown in Figure 2-65. Electrically-operating versions
will be fabricated, and comparative yields between the TCC and wired ver-
sions will be evaluated during the potential follow-on program which will be

proposed by Hughes as Supplementary Agreement No. 3.
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Figure 2-58. Conventionally wire-bonded version of type 1040568 Digital
Correlator microcircuit
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b. CLOSE-UP vIEW

Figure 2-
gure 2-59. Bumped Type 342 CMOS digital correlator wafer.
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Figure 2.60. Tape carner patterned for Type 342 LS| devices.

Figure 2-61. Tape carrier for Type 342 devices shown superiraposed
over matching bumped wafer
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Figure 2.62. Metallization/dielectric patterns for Type 1040568 digital correlator
multilayer thick film interconnection network.
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Figure 2-63. Screened/Fired multilayer network for digital correlator.
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Figure 2.64. Tase mounted digital correlator chip.
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: Figure 2-65. Completed digital correlator hybrid microcircuit (mechanical). i
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2.2.6 STAR Wafer Appl:cation

During November, 1978 telephone :-:nversations, cognizant MSFC
personnel agreed to supnly mechanical wafers and pad location masks so that
Hughes wafer bumping activities on STAR devices could be initiated.

For the initial baseline concept, it was envisioned that 84-pad
hermetic chip carriers (HCCs) would be used. The layout drawing of this
HCC package (Figure 2-66) shows a 0.470-inch square cavity.

It was planned that gold-bumped STAR devices were to be bonded
eutectically within the HCC package cavity during the Supplementary-
Agreement-No. -2 time period, using either gold-silicon or gold-germanium
preforms; after which one-mil gold wire interconnections were to have been
made (both chip-to-chip and chip-to-package bonding shelf) by means of the
Hughes Model 1460 Semi- Automatic Wire Bonder.

Eight 1, 5-inch-diameter 38-pad STAR mechanical wafers were
received from MFSC on 12 January 1979, together with metallization masks
on 2-incli x 2-inch glass plates. During a January, 1979 visit by MSFC per-
connel to Hughes- Newport Beach, program progress was discussed. It was
pointed out that 3-inch x 3-inch masks are required to match currently-used
Hughes aligners for wafer bumping, and that these masks should include pad
metallization locations/sizes only; the scribe lines and/or actual intercon-
nection metallization which appeared on the masks received from MSFC were
to be deleted to avoid excess gold plating in unwanted areas,

A second shipment comprising 3-inch x 3-inch masks was received on
22 January 1979, but these also included the scribe lines/raetallization pat-
terrs. Dur’ng subsequent telephone conferences with cognizant MSFC per-
sonnel, :t was determined that the correct masks indeed were available; and
that they would be shipped within several days. In the meantime, the wafers
thems:lves had been sputter-coated with tungsten-titanium/gold. They were
to be ary-resist-laminated, and then placed on '"hold' pending receipt of the
proper bump plating masks, expected early in February.

Corrected pad marks for the 38-pad STAR mechanical wafers were
received from MSFC on 5 february 1979, The eight 1.5 -inch wafers which
had been received from MSFC on ]2 January, and coated at Hughes with

tungsten-titanium/gold, developed micro-cracks, and some actually were
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broken. Others broke after dry-resist lamination; a process which generally
does not cause wafer breakapge. The eight-to-ten-mil nominal thickness of
these 1. 5-inch-diameter wafers apparently contributes to their relative
brittleness in comparison to the 2-1/4-inch, 3-inch, and/or 4-inch waiers
normally subjected to the wafer bumping process (nominally 12-to-20-mils

in thickness).

Attempts were made to align larger wafer portions, so as to yield
initial bumped chips. This proved to be impractical however, and additional
wafers were requested from MSFC,

These additional mechanical wafers, received during April, 1979,
were handled with extra precautions to preclude breakage. Bumping of these
wafers 1as been initiated; completion will be scheduled to assure mechanical
checkout prior to receipt of electrically-operating wafers during potential
follow-on efforts to be proposed under Supplementary Agreement No. 3.

Time and funding considerations have precluded further effort related
to STAR devices under Supplementary Agreement No, 2. In connection with
potential follow-on efforts to be proposed for Supplementary Agreement
No. 3, the wafers will be sawed (using processing discussed in Report
No. P78-549(1), Paragraph 2.2.2, page 2-43), and individual chips will be
bonded eutectically within the 84-pad hermetic clip carrier as discussed
above. Thermosonically-bonded one-mil gold wire will form interconnections
between chips, and between the chips and package. The gold bumps on the
chips will permit monometallic (gold-to-gold) interconnection bonding;
this will eliminate the possibility of gold-aluminum intermetallic formation
and associaled problems. The wafers will be checked out for electrical
continuityv (open/shorts) after bumping and before assembly.

Water dicing and assembly will take place after these preliminary
tests have been completed, so that testing may be performed at the package

level,

2.2.7 Improved Packaging Recommendations

A method for improved packaging of bumped STAR chips from tape
carriers will be utilized under potential follow-on programs to be proposed

by Hughes. As indicated in Figure 2-67, this approach involves hermetic
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“INTERCONNECT ISLANDS"

® |C's ARE BUMPED, PLACED ON TAPE, TESTED, SCREENED.

GOOD IC's (ON TAPE) ARE EXCISED, PICKED AND PLACED INTO PACKAGE.
STANDARD INTERCONNECT PACKAGES CONTAIN "INTERCONNECT ISLANDS"

TO ACCOMMODATE ADJACENT TAPED IC's.

® STANDARD PACKAGES TO BE AVAILABLE IN STEPSSUCH AS2X 2,3X 3,4 X4,ETC,

LR ]
LA s

B S

a, Detalled top view m

PKG CHIP LEADS, b

COVER LB TO CHIP, . '.

PKG TC BONDED TO "“ISLANDS” E

LEAD f y. o

F

[T I 1L 17T

3

i 7 ;

: EPOXY B

CHIP 3

| ATTACH STAR CHIPS, TCC 3

i b. Cross-section, STAR standard packaging k.

; |

| - = - E
b P - 4 oy B
P u - : c. Top view of STAR array package ;
b 9 ‘»‘
. L R

. . . P

- : : :

- - - L &

‘%

B

Figure 2-67. Proposed STAR standard packaging.
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chip carriers which will be prepared by the addition of special interconnect
islands. These ceramic islands, previously metallized with interconnection
pads and brazed within the package cavities, will serve as receptors for

the outer-lead bonding of pretested ''spider'' assemblies after they have been
exvised from tape carriers.,

Approaches such as this will aid in bringing about practical applica-
tions for the STAR concept under development at MSFS, Further Hughes
proposals will address problems of this nature; packaging approaches such
as this will provide viable solutions to problems involving cost-factors deter-

mination related to elecironic subsystems utilizing LSI microcircuits such
as STAR,
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APPENDIX A
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1, "Design, Processing and Testing of LSI Arrays, Hybrid Micro- 3
electronics Task', Final Report, Contract No. NAS8-32607, ‘
August, 1978. (HAC Ref, No. E07711) b
2. Design, Processing and Testing of LSI Arrays - Hybrid Microelec- i
tronics Task, Semiannual Report (March, 1979), NASA Contract A
NAS8-32607 (HAC Ref. No. E07711); paragraph 2,2.1, pages 2-3 i‘%
through 2-15. g
3. TIC No. 7631.10/187, Leadless Ceramic Chip Carrier Cost Analysis. ;%
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"HYBRID MICROELECTRONICS; Cost Modelinqg Program®
IMPLICIT REAL(K,L)

This prodram computes the following values and
outputs them at the terminal and {nto the data
fi{le HYBRIDWDAT}

FORMAT (/,°’ Complexity tactor CC = *, F4,2,/)
FORMAT (° Substrate fabrication cost C’’Sp

2 s S " F6|20/)

FORMAT (° Assembly cost C’°AT

26 %, F8,2,/)

FORMAT (* Recurring materjal cost CM = § *y Fh,2¢/)
FORMAT (* Total hybrid cost = 8 *, F8,2,/)
FORMAT (' Tape chip carrier cost difterential
2CTCC = & *, FB8,2;/)

FORMAT (’ Total hybrid cost with tape ehip
2carrier = s *, FR,2)

FORMAT (/,9X,’ HYBRID MICROELECTRONICS MANUFACTURES *)
FORMAT (* Add computations based on tape chip carrier
2 (TCC)Y technoloqy? *+/,5Xs * (YES or NO); ", §)
FORMAT (SX,* Alternate casep Tape Chip Carrier ¢,/)
FORMAT (5X,’ Alternate case selected: *,/,5X%,

2* Fffect of tape chip carrier (TCC) technoloqy ¢,
3/45%,* on hybrid manufacturing cost: *,/)

FORMAT (AS)

FORMAT (°* TCC {ncluded *)

FORMAT (* TCC not included *)

TYPE 90

ACCEPT 120,CASE

IF (CASEEQ,°YES®ITYPF 130

IF (CASEEQ,*NO?)TYPE 140

I, GENERAL cCcosT?T FACTORS

BETA = =0,4 { Producti{on volume exponent

GAMMA=2 .5 | Proedyctjon tacility tactor

P1=29 | Nonerecurring developmental costs @
developmentalstoemanufacturing cost ratio

P2=3 | Nonerecurring manutacturing costs;
nonsrecyrring to recurring manut, cost ratio

vel0 | Number ot hybrids produced per year

WR=12 | Wage rate, dollars

IT, SUBRSTPRATE FABRICATIDNDN
VALUES 0OF CONSTANTS AND PARAMETERS ¢
(STDH = Standard Nours)

Constantsi

C0S=30 | Substrate material, dollars

CNE=0,124 | Cireuit processing, STNH

KT=20,208% | Resgstor trimming, STDA x sq, {n,
KQC=0,072 {| Res{stor trimming, STDH

KPRQC=0,072 ! K’QC, Quality control (QC) inspection

tactor, non=dimensional

Parameters;
APR ={ | a*, Number of reworks before resistor trimming
BPR =0 | b’, Number ot reworks agter resistor trimming
AREA = {,3125% ! Substrate area, sguare inches
NC=a45% | Total number of chips
DELTAC = NC/AREA { No, ot chips/square {nch
NR=30 | Total number of resistors
DELTAR = NR/AREA | No, of resistors/sq, in,
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07600 C
07700
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08400
08500
08600
08700
os8ov
08900
09000
09100
09200
09300
09400
09500
09600
99700
09800 C
094900
10000
10100
10200
10300
10400
10500
10600
10700
106800
10900
11000 C
11100
11200
11300
11400
14500
11600
11700
11800
11900
12000 C

~

QMmN

DELTSRs5,4Ew4 | DeltawsSR, area of resistor hybrid area

TR=% { Inverse of tolerance

S2%=0,5% ! Hybrid size tactor

DELTAP = 16 } Number of pads on IC

DFEPMAX=14 { DeltaePmax, maximum no, ot pads on IC

LW=0,75 | Line width tactor
CC=2,0055#(DELTAC+DFELTAR) +,0071#DEPMAX##]

(Hyhrid complexity tactor [Medium complexity]})
FABRICATINN STEPS!

CS = COS#SZ | Substrate material cost

CP = COEsCCo#LY | CTircuit photoetching processing
CQC = KQC#CCeSZ ! GUC {nspection cost (1)
CPRQC = KPRAC#CCwS7 | QC inspection cost (I1)
ctl 3 0,024 | Cutting substrate to size

CRT = KT#DELTSR#DFLTAR&TR | Resistor trimming
Substrate tahrication costy volumewindependents
CSP = (1+APR+BPR)#(CS+(CP+CPRQC)Y#WR)

2 ¢+ (14BPRY® (CUSCRT+CQC)#WR

Substrate fabrication cost C’SP, voiuymesdefendents
CPRSP = CSP#(P1+P2+1)#CCEGAMMASVERRBETA

117, AS SEMBLY AND TESTING
VALUES OF CONSTANTS AMD PARAMETERS 1
Constantsy '

COPT=0,033 | Preetin, STDH

ALPHA 29 ,5Ee3 | Chip bonding, STDH

b = 6,6Emg ! b, Wire bonding constant, STDH
D=20,00133 { d, Nonwdestruct{ve pull test, STDH
KQC1=0,086 | Presseal GC {nspection, STDH

Gz30,9% { 9, Preeseal electrical test, STDH
GPRa1,2 | q°; Premsesal {roubleshooting, STDH
H=0,025% | h, Presseal rework, STDH

KQC2=p,51 ! Preeseal QC inspection, STDHN
L=0,186 { Proportional censtant, sealing, STDH
GPR2s31,38 { q", Posteseal troubleshooting, STDH
HPR=0,044 { h?, Rework atter sealing, STDH
KQC3=0,02 | Final GC inspection tactor, STDH

Parameters
NTRJ=480! Total no, of transistor junctions of ICs
NTRDe13 | Total number of transistors and diodes
NCAP=20 | Total number ot capacitors
NC1C=21?2 | Total numher ot ICs

NWHz640 | Total number ot bonds
TY=1 | Package type (Buttertly = 23 HACePAC = {)
Q=10000 | Number of packages per ot

CLPR=1,70 | C’L, Average cost of a package lid, dollars
N = 10 | n, Number of reworks before sealing
NPR 3 { | n’, Number of reworks after sealing

May ! my Die attachment factor

(1 = epoxy) 2 = molytad)
Fu0,4 | £, Fraction of other connections
Ra{ ! r, Reliability level factor

AVNTRJ=40 | Average no, of transistor junections/chips
Gim0,1 ! g1, Fraction of chips reworked pefore sealing
G2e0,05 | 92, Fraction ot bonds reworked before sealing
G1PR=0,02] 91, Fraction ot chips reworked atter sealing
G2PR20,004}9’2, Fraction of bonds reworked after sealing
CLR20,2 | Rework due to lid substitution, STDH

CTT=0,22] Acceptance test, STDH

ASSEMBLY STEPS)
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‘s |
12100 C Preetinning costt
i 12200 cpT = SzecopT ]
{ 12300 ¢ Substrate bondingi p
12400 CBS = 0,412
12500 c Chip bonding costg
T 12600 CRC = M@ALPHA#NC
3 12700 ¢ Wire bonding costy
L 12800 CWh = BO((DELTAPONCIC+2Q(NTRD#NCAP))l(lQF))
12900 c Nonedestructive pull testy
. 13000 CND ® D#(RSNWB) |
aﬂ 13100 (o Visual QC inspection before sealings
4 8 13200 CQCY = KGLleCCas2 )
13300 c El€ctrical testing before gealinqg

13400 CEPS ® N#GW#AVNTRJ##0,1#CC

o) 13500 (o Troubleshoatlnq before sealingt
N 13600 CTROB = N#GPR#AVNTRJ#w0,1#CC
13700 c Reworking betore sealingyg
13800 CRWB z N#H®(Gl¥NC+G2#NWH)
13900 c 2nd visuval QC inspection before sealingg §
14000 CAC2 = KQC#CCws2
14100 c Sealing costi
14200 csh =z Lasz
3“ 14300 C Acceptance test after svalina: 7
it 14400 CACT = ReCTT P
L 14500 C Troubleshooting atter sealingy ;
14600 CTROA = NPR#GPRZ#AVNTRJ#w#0,1eCC 3
- 14700 c ReworkKing after sealingt 3
& 14800 CRWA 3 NPR#(HPR#(GIPR#NC+G2PR#NWR)+CLR) IE
W 14900 ¢ FAnal quality control inspectiont i
15000 CuC3 = Kac3eSz %
- isio0 ¢ Other steps! i
o 15200 cn a2 0,25 P
s 15300 ¢ Assembly cost, volumeeindependent: N
15400 CAT 2 (CPT4CBS+CBC+CWR4CND+CACI+CEPS+CTROB+CRWA x
- 15500 2 +CAC24CSL+CACT+CTRUA+CRWA+CAC3I+CO) #WR
5 15600 C Assembly caost C*AT, volumewdependent
4. 15700 CFRAT = CAT#(P1+P2+1)eCCHGAMMAMVH#BETA
15800 C .
: 15900 C IV, RECURRING MATERTIAL CcnNST 3
_ %“ 16000 CPa23#TY#SZEXP(w7F=6#0) | Package cost L
5 16100 CCC=0,13#NTRJ40,804NTRD |} Chip cost ;4
s 16200 2 +1,6%NCAP
16300 CL=NPR#CLPR { Package 11d cost
. 5 16467 CM=CP+CCC+CL
) 16500 1F (CASE,FQ,*NO*)GO TO 200
A 16600 C i
16700 (o Ve TAPE CHIP CARRIER COST FACTORS 4
7= 16800 C Substitutionss .
% 16900 Cc CFPS >> (0,7)CEPS ©
. 17000 ¢ CRWR >> (0,6)CRWB .
17100 € CBC  »> (0,9)CRC [
- 17200 C CWB  >> (0,5)CWB .
% 17300 ¢ CND  >> (Ng3)CND =
4, 17400 U=z 2,75E»2 | v, Chip testinqg constant, STDH 1
) 17500 CTC = UsNCIC | Chip testing cont with TCC -
, 17600 : UB = 9,5Ee2 { uB, Cost of bumping one chip,
3 e 17700 CBP = UBaNCIC | Bymping cost, dollars
! ; 17800 C Cost difterentia) of tape chip carriery
i iu 17900 CTCC = (((0,7=1)8CEPS+(0,6%1)#CRWE+(0,9=1)8CBC 37
' 18000 2 +(0:501)8CWB4(0,3m1)aCND+CTCI#WR+CPB) IR
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18100
18200
18300
18400
18500
18000
18700
18800
18900
19000
19100
19200
19300
19400
1985N0
196010
19700
19800
19900
20010
20100
20200
20300
20400
20500
20000

200

300

s

3 #(P14+P2+1)#VasBETA

VI, TODTAL HYBG®Y R cosrT
CHaCTCC+CPRSP+CPRAT towWilh TCC
COST=CM+CPRSP+CPRAT

TYPE 10,CC

TYPE 20,CPRSP

TYPE 30,CPRAT

TYPE 40,CM

TYPE 50,CNST

OPFN (UNIT221,DFVICESNDSK,FILE=S®HYRRID,DAT®)
WRITF(21,80)
WRITE(21,10)CC
WRITE(21,20)CPRSP
WRITE(21/,30)CPRAT
WRITE(21,40)CM
WRITE(21,50)COST
IF(CASE,EQ,"NO*)IGD TO 300
TYPE {00

TYPE 60,CTCC

TYPE 70,CH

WRITE(21,110)
WRITFE(21,60)CTCC
WRITE(21,70)CH

END
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APPENDIX C :

HY BRID MICROELECTRONICS — COMPUTER PROGRAM TO A g
CALCULATE HYBRID COST MATRICES FOR THE 3
GENERATION OF COST SURFACES o
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oo10c¢
00200
00300
0040C
0050¢
00600
0073¢
00810
00900
01000
01106
0120¢C
0130¢
01400
01500
0160¢
01700
01800
0190¢
0200¢
02104
02200
0230v
02400
02500
02600
0270¢
0?26n¢
02%0¢C
03G60¢
0210¢C
03200
03300
0340¢
03500
03600
0370¢
03809
03900
04C0v
04100
04200
0430¢C
04400
04500
0463¢
04706
0480y
04500
05000
0510¢
0520v
05300
0540¢C
05500
05600
0570¢
05800
05900
06000

QAacGaa

Qe

1c

29

30

59
oy

(g}

aaaan

[z Ny]

-
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Y"HYBKRID AICRUELECTROKICS: wmatrix Progyram"
This program. generates a matrix to “e used to plot
hybrid microelectronics fabrication costs as 1 tunction
of two variables (selected fahrication cost factors)
on A 3 sur€ace using the Thermal I’rocess of the
Analysis subsystem ot CAD.
(Fortran subroutine called: LCMDSLL; execute comwuana?
EXLCUTE HYBMATWFOR,RELSSUL/LILY)
IMPLICIT PEAL(H,L)
{fYTrRGRKR LIF LT, I,
UDIMENSLINON 1PPN(3), FNALE(S)
DIMENSLION COST(S(,50)
RFEAL*R FILIAY
DATA TFLU/20/
FORMAT (/,5%X,° BYBRID M 1ICRULLECTKINICS *ANUFASIDKE ¢
24atrix Generation °)
FORAAT (7 Enter outout file nama 3 7, )
FNRMAT (545)
OIMAT (“ITEST?)
tNIYAT (LEG)
FOR4AT (°*°)
TYvE 10
TYPR 2(
ACCEUT v, FuANF
CALT DNCPFYL (%ultym, "NAT", FLT4%1, TEDL)
OPEM (UNLT=IFLU, ACCKSS="SrnGu"7’, HOLE="ASCli°",
1FILC=FTILMAY, DIRECTUPY=LIPPY, DISPUSL="SAVE ")
ARITECIFLI,40)
pn o100 1=1,56
B 10 J=1,%¢

NO=5*T

V=dx»2

I. Gk N& R AL CudT t a C T UF Y
ALTA = =0,.4 { Production volume exponent

GAdMA=Z .5 ! Production facility tactor

£1=3 | don-recurring uevelngiental costs ¢
developmental-to-manuficturing cost ritio

P?=1 t  don-recurriny “anuL rcturing costs:
non-recurring to rerurriny nanuf. cos% ratio

wR=le ! Wage rate, dollars

Ite SITR ST PLTEH FrarcrTcpaT™rn
VALTES OF CONSTANTS AMu PAF AweTSPS 3

(STDH = Standard hours)
Constants:
cNS=3¢C ! Substrate wmaterial, dollars
Cle=C.124 ! Circuit nrocassing, STDH
KT=1,20% ! resistor trimming, ST™OY X Sy« i
KRr=0.072 ! Pesistor triwming, STLY
KPRAC=0,072 ' XK°QC, Quality contro! (Wr) 1nsvection

factor, non-dimensional
Parameters:
APR =1 ' a®, Nuwher of rewnrks betole Cesistor trimming
BPR =C { b", Numher of rewor%s after resistor trimming
APEA = 1,3125 t substrate area, square inchas
WC=Total number of cnirs (watrix =lement)

DELTAC = NC/ARERA ! No. of chips/square inch
NR=3¢ ! Total nuaber ol rasistors
NSLTA® = MR/APEA I No. of resistors/sq. in.

DELTSR=5,4E-4 ' Nelta-S7, area of resistor nybrid area

w7

»
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06100 TR=S% ' ! Inverse of tolerance 2
0620y S7=0.5 1 Hybtid size factor v
06300 DELTAP = 16 ! humber of pads on IC iE
06400 DEPMAX=14 f Detta-Pmax, maximum no. of pads on I gf:
06500 LW=0.75 ¢ Line width factor ;
06000 CC=,0C55*(DFLTAC#DPEL TAR Y+, 0071 *N:PNAAY*1 ] i
06700 C (HMyhrid complexity factor C"edium complexityl) 'ﬁ:
06806 ¢ FABRICATLON STEPS: o
0650v CS = C0S*SZ ! Substrate wmatearial cost i
07600 CP = CUE*CC*Lh ! Cirtcuit photoetching proces.iny ;
0710¢ CHC = KIC*Cr*Sz 1 4r inspection cost (1) i
07200 CPRAC = KPRAC*CC*SZ ! QC inspaction cost (1) .ﬁ
07300 cll = 0,024 ! Cutting substrate to sive “
07400 CRT = KT*DoLTSKYUELTAR®TR ! xesistor trimming
0750¢ C Substrate fabrication const, volume-inderendant: =y
07000 CSP = (1+APP4RP PI*(CS+{CP+CPKERCI*Ak) E
0770¢C 2 L HCLHEPR)X(CUCKT+rYr ) # i ¥
0780y C Substrate faprication cost N°SE, volume=depenient:
07900 CPRSP = CSP*(PL4P2+L)ACIrRGA ARy E*L T -1
0300¢( C g
gn1aC C 1Ite A S S EMBLY AN D Te > 1TIL Y06 w b
0R20¢ C VALYES OF CONSTRAMTS ANL PARANMETTRS @
083 C Constants: : »

' 08400 COPT=0.033 ! ere-tin, 51Mn i
08500 ALPHA =0,8-] t Chip hondina, 57OV §
09660 B = 0eBF=q t b, «ire Londing constant, Slib
0870¢C N=0,0033 t d, Yon-destructive pull tegt, 570U
0880 KuCl=(.0nA° t Vre=-seal #C insnection, STu. i
08900 620,498 1 9, Pie-saal olectrical test, 5T"u i
09C0u GPF=l.2 I 4,7, Pre-sral trouhleshooting, OLTLY Rr
0310L H=0,025 t 1, Pre-seal raworlr, S™nn :
02200 KNCI=0,51 t Pre~-seal 2C 1nsnpection, STH! 2
09300 L=0.1lb0 { Progortional constant, scalinj, s™u" s
09400 GPP2=1.3b 1 ", Post-seal troublesnooting, 3lih K
09500 HYR=04044 ! h°, apuwor? Aiter sealinqg, S0V 2
09604 FRCI=V. 02 i Final QC inapection ractor, S(HY
03700 C Parameterss
0380C NTRJI=48018 Total no. of transistor Junctions a: [Cs
09910 NTEP=13 § Total number of titansistors and dioies
10000 WCAP=20 § Total nuwber ot ca acitore
1010¢ HOLr=1e ! Total number ot LIfs
102900 NUn=040 1 Total numher of bonds
1030v TY=1 { Package tyue (Buttertly = Zz; HAC«?4: = 1)
1040G A=10000"¢ iumber of packages ner lot i
1050v CLPR=1.TV | C°L, Average co=t of 3 nackage 111, dollars
100960 N = 10 t n, Number of reworiks vefore sealing.
1070V NPRP = 1 Y n® Numbher ot reworks 4fter seallny -
1085040 M=1 t m, Die attachment factor L
10900 C (1 = epoxy; 2 = molytab) o
11000 F=0.4 { t, Fraction of other connections
11100 R=1 t r, Reliability level factor
1120¢ AVNTRJ=40 ! Average no. of transistoir junctions/chipsu
11300 Gl1=0.1 1§ gl, Fraction of chios reworked before sealing ®
11400 G2=0.05 ! g2, Fraction of bonds reworked before sealiny
1150¢ G1PR=0,02' g°1, fraction of chins reworked after szaling
11600 G2Pnv=0,0u4l¢"2, Fraction of bonds reworked after sealing
11700 CLR=0.2 ! Kework due to lid substitution, sTD! -

£ 1180¢ CTT=0.22! Acceptance test, STOH o
; 11900 C ASSFMBLY STEPS: B
12000 c Pre-tinning cost:
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12i0¢
12200
12300
1240¢
12600
12600
1270¢
12601,
129040
! 13G0¢C
i 13104
) 13290

1330¢
q 1340\1
; 1390¢
. 130w
137¢¢
l'ﬂpf\y:
13973¢
14007
14104
14200
1150
: 11400
1450¢
11o00
1179¢
14V 0y
launy
15300
151 Cy
1529¢,
153014
1540t
, 1550
; 156y
E 1570¢

1560¢
, 15904
! 1600v
? 1610¢

1R 20
. 16301
i 16400
! 1A50¢

16vn0¢

1670y
‘ 16804

Ca

Ce

C.

(34
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FPT = SZ*COPT
substrate ponding:
CuS = 0.12
Chip honding cost:
CAC = M5 ALPUYARNC
aire honding const:
VY = d*(CUELTAPRNCTCE2% (NTRU+NCAR)Y)IX (140 ))
won=destructive pnll test:
CND = px(reMKp)

Visual QC inspection hefore sealing®
CaTl = Kuri*Cr*sz
wlectrical testine pefore sealing:
NRGRAYMTRI**Q 1% C
Trouhlestooting vefoare se3ling:
CTR) ] = J*GPR¥AVNTRIRW) L ¥(Cn
seworking vefore senlinc:
Cha'y = N*HR(GI®MCeU2*N¢H)
lnd visual N inspectiun hefore seallag:
$ACT = Kytz*Crx Sy,
Jealin, cost:
CHL = L*y?7
~ccrptance test attar sealing:
At o= oreppm
‘roublesnooting after sealin,:
CTUIA = PIYGPROMAYIT A0, 1 xr(
awolking after sealing:
Cliody = el ACHPRFXY (RLPE X GCH#G2VR* a3 Y+ CLP)
rinal quality corntral 1insnection:
CACY = VI *ST
Jtoer stepas:
o= .29
sasembly cost, volume=-rndepenient:
CLr 2 (COTHCBS+CHC+CrReCL,DECUCI4C P R4 CT RS fup
Z FTAC24CSLACACTHRO PR UAT T L TNC P OY *MIy
fsgambly cost C°AT, volume-enendant:
CORAT = CALW(PL4PZ+L)FCOXCA i xyne, T

CreS

Ve w F O Y x0T v MaATE 2T AL T
CN=D3*pynS i dp(=-Th=0%y) 1 Packaga cost

CCC=U 13*MIPJ+(,60*NTPD ¥ CYip cost

2 +l.6%vC A

Cl=MpR*rl oy t Package 1id cost

Ct =CP+CCC+CT.

COS™(J, L)=CV+CrRSP+CPRL™

2]
3

AT TE(LTLY,S0)CNST
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,~ APPENDIX D

PRINTED WIRING BOARD (PWB) — COMPUTER PROGRAM
TO CALCULATE SINGLE VALUED PWB COSTS
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00100
00200
00300
0040v
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01Ldv
01700
01600
0190v
020600
0210C
02200
02300
02400
0250L
02600
02700
02600
0290¢C
0306Jv
0310¢
03200
03300
0340¢C
035C0
000y
03700
0360V
¢300u
04¢0¢
04190¢C
04201
0430y
04400
0450¢C
Ca60¢
0470¢

01690

0490¢
08006
05106
0520¢
0530w
05400
05500
05600
0570¢
056800
0590¢
06000

*

20
00
70
¢
100
200

21¢
220
230
240

(97

(o4

Qa6

g st

“pWA MANUFACTURING: Cost Modeling Program"

REAT. K,N1,N2,N3 ,NT

DIMENSION 1IPPN(3),FORM(2)

DNUBLE PRECISIGN FILNAM

EQUIVALENCE (CASE,FDRM(1))

DATA FU™M(2)/0/

DATA IFLU/20/

This program computes the following values

and outputs them at the terminal and into

the data file °®special-case-naame.nNam™’

(FURTRAN Subroutine called: DrDFIL; execute

command EXZCUTE PWBMAN.TOR,PZL:Syn/n17):

FORMAT (/,° P¥B tabrication cost C°*MFAR = 35 ",Fb.2)
FORMAT (° PWo assembly cost C*“A = $ *,F5.2,/)
FNRMAT (° gecurring material fahrication cost: CkPy °,
2 * =35 °, F1,2)

FORMAT (° Recurring material assemply costs Cala °,

2 YT =8 T, FT2,0)

FOPMAT(® “abrication complexity tactor CCFAR = ”,F5,.3)
FNRMAT (° assembly comglexity factor nCA = °,<5.3,/)
FORMAT (° TOTAL MANUFACTURILIMG C0S™ fpWy = $ 7, t8.2,7)

FOKMAT (/,° PPLNTRD WIKRING NQAFD A TIFACTVRT™: *,/)
FURMAT (” vlease select either of the followirj; °,

2 a5 a special case ! °,/,5%Y," “A?2&Y (Cacrier) °, /,
3 5X,° DICTIT (Migital) *,/,
4 ° If neither type dOMz: %, %)

FORMAT (AS)

FNPMAT (5Y,° Special case selacta?: 7,a4%)

FOFMAT (5X,° Mutput tile nane: °,410)

FORMAT (5X, % (CARPL = Carrier; 21T = Nigitae) ™)
TYpPs 100

Tver 200

ACCEPT 210, CASE

TYPR 22¢,CASE

CALL DPCNFIL (CASE,"NAT",FYLYAY,IPDYN)

'YPs 230 ,FItNaAl

I. C o Nt AL CusSi1 A0 T LS

K = 0.35 ! Slope

PHE = 22.4 t Facility cize factor (inter:e.t)

PrL = (o2 ! ¥Fraction ot non-recurrinyg aisen*™ iy
engineering coasts

PAZ = L35 ! Fractior of non-tecurring aiterials
assemhly costs

PFl = (.2 { Fraction ot non-recyrriny
enyineering costs

PR = 025 } Fraction of non-recurrin,
materials costs

vV = 50 ! Yedrly Proaduction volune

SF = 0.5 { Size factor, area

It FABRICATI QN

FABRICATLIAN CNST *ACTORS:

CLEAN = (.5 ! Cleaning factor, °wH

CMF =1 ! Complexity of masking operation
CpB = 0.015 ! Post~-bake cost

HD = 25 ! liole density

HDS = 3 ! Nuaber of different hole sirzes
HN = ROO ! Numher of holes




\
’.‘
’
!

06100
06200
0630V
, 06400
0650U
06600
06700
06800v
0590¢(
07000
0710v
07200
073n0¢
07400
0750¢
0760w
077J¢
07400
0760
QROOC
0319¢
GP20¢
0930y
0840
0350u
0R00 ¢
087J¢
0380¢
0/90C
07C0¢
0910v
V920V
003046
09400
005C¢
600
0970
0900
0900«
10004
10104
10200
1030¢
19401,
1050w
1060¢
10760
196J¢C
10504
11¢0u
111170
1120v
113006
11400
1150¢0
11600
11700
11800
11900
12000

T e g L

i

Ca

o

o aOa

HS = 32 1 Hole size

LS = 10 ! Line spacing

Ly = 12 { Line width

NI = 10 ! Munber ot inspections

I¥ (CASE.EQ.’CARRI®)GO TO 25C

NL = 6 ! Nunmber of layers

N TU 260

A= 0,37 I CAKPLFR coefticient

NL = 6%A

NRETL = 3 ! Number ot retouchings, copp-r
HMPL = 1 ! Nunher ot replatings

NREHR = § ! sumber ot photoresist retoucnangs
NT = 50 ! Number ot terminals

NS = 4U ! paa size

PSF = 1 ! Press cycle tactor

PHIA = 30 ! vy area, squace inches

NUF = 0.5 ! llole quality factox

WPLE = 040 t Platin, jJuality factor

TAHE =1 ! Adnesive tyna

e o= 1 t Curing cyela

ICUF = 1.7uk=2 | Copper thickness factor, Sl.a/ounne
THUSF = | ! Tyipe of neat sink

Pvan = ! Tyre ol am»rcking

rve =1 ! Jy.e of watarial

T = (.05 ! Orilling tolerance

TYx = (o9 ! Type of photorasist

wen = oo ! wveiqht or copoer, ounces

X = 023 t Ucrlling tolerancae (V) exgoonent
ALPMA = L t COKFAR expnnen?

BETA = 1 ! CCFAR exponent

GAMHA = | I CCrAt exennent

UNMLTA = | ! CCHA exponent
COFALUS(D1E=3%ineC0AT*(1 o /L #1/0S) YR * AL PYAL raurication
2 +HR(L/PSI** P TA+ I (L/7us) 2 5Aa iy U Louplexaty
3 +(0125*NL L TA ! ractor

FAGPLCATINON STHDS:

CCLF = 0.,0133%NT I rot soak cleanin,

Ced = 1u*TYR*SF*Y(, ! photoprint

CoTC = COPAR*YLJROMHLATUYF* 0y ! Ltching

CPH = L SR =T N *CCFA ! photoresist strippinyg
i

CoNA = 4,28~3%*nT t.hanol treatasent

CLAM = 2.5L=2%NL*THf*POF+Cpen ! Lyaination +4ng “aze
CORE =, (34N =dRDNeCa LORRQ) X P>y *QIp t orillinng

CPFM = 0,002 TMRAQYF*TCC ! RMegioval ot poxy swoear
CPLS=(Le 5L =3*US+0 QUI*HDI* L A LYectroless plating
CPa = Ga0111*CCFANMHY t elactroplating

CH = 0 O0CA*TMAR Marking

CI'AT™ = 4,8pE=3*NTACCEAD Installation of hor?ware
CSRF = 0a.220*QrLF Solder reflowing
CPLC = Q.O0%SF*COFABYCYF Ni and Au plating

CHS = 0 1S*THSF*TAIF

CIASPF = B.BE~3*CCFAB*SF*N]
CuTl = 1.2*CCHAB*SF !
CRYF: keworking after fabrication
CHRWF = D OS5*NRTIC+0 1062 YREPI#ILNIISXNTP &

Bon? heat sink
Inspection
Electrical testing

- tOm cem cam e e

[fIt. A S s MBLY
ASSFMRLY CUST FACTUPS :

AVCCC = 0.5 t Average coamponant couplexity factor
BF =1 ! Bending factor
D-2

B

R

e

iy n g e gl
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s
:
12100 ) CAl = 0.056 ! Assembly complexity tactor constant
12200 CA2 = 0,009 I Assewbly complexity factor constant
12300 c DAX = NAX/PWbBA, Axial component density
1240¢ DLAV = 26 ! Average lead density per coaponent :
1250v c DOT = NNTH/PWRA, OUther component density E
12600 N =1 { Number of reworks '
1270¢ N1 = 0.1 ! Fraction of hybrids resorked 3
12800 42 = 0.02 ! Fraction of other components reworxed %
1299¢ H3 = 0.01 I Fraction of solder joints 4
13L0v NA = 2 ! Number of sides
1310¢C NAX = 80 ! Number of axial components
1320v Wt o= 94 ! Number of couwponents
13300 U2 = 94 t Number of flat packs
13400 My = 10 ! Number of hybrids
1360¢ Wl = 5 i1 Number of inspections
136006 NIOTH = 14 ! Number of other components
1370y NSJ = 8fY ¢ Number of solder joints i
13000 NTR = 4 t Number ot transistors i
13900 #o= 1 { Component type (l=axial; C=other) ;
1400¢ NFORA = 40 ! Rate of Iorming of axtal coaponents/hr
14100 RENPFP = 1200 !t Rate of forming of flat pacas per hour ;
1420¢ REQn o= 120 { hate of tormingy of hyhrids per hour %
1430¢ AEURT = 2( { Rate of forming of transistors/hour
1440¢ PIA = o0 { Pate of insertion of axial comps./hr ¥
14500 FIFD = 1230 ! Fate of insertion of flat gpacks per hr
14000 HLE = 120 ! Rate of insertion of hyhrius per hour
1470v¢ RI{T = 20 | Rate of insertion of transistors/hour
14u0v M = 500 ! hate of loading per hour ]
L4904 RLT = u0 ! Rate of leak test 3
1500¢ nTIv = §¢ i kate of tinning per hour 3
15100 pPVC = 10v ! Pate of vapor cleaning per hour
15200 Yy =1 t Sxponent of AVCCC
18304 OAK = NAX/PVWHA
1540¢ DNT = NNTH/PARA
154006 CCA = CAL*(NAX+#NCTI+CAZ*DIAV=*]1,1! Complexity factor
15600 C ASOEMBLY STEPS ¢
15700 CLE = NAXQ oCTS*(NAX/KFORA¢NTR/RFOPT+ NHY/RF QR IryF
15800 Lead forming
1390u IF(CASE.EQR«“DIGIT®)CLF = (NFP/ KFUCFP)*BF
15000 CTIN = Na*(.0R*NC/RTIN ! Tinniny
1610v CVC = WA*C,055*NC/RVC { vapor cleaning
16200 CLT = NA®P*Q,065%*NC/KTT | Leak test
16300 CLM = NA®(.3*NC/RLn I Load najazines
16400 CCL = NA®( 15 %(NAX/RIA+NTR/PLT+NuY/PL1H)*RF
1650¢ Component insestion on P43 panel
16000 IF(CASL 0, "DIGTT*)CCI = (NFP/RIFP)*BF
1A70¢ fRS = 0.C3 ! Reflow soldering
16800 CRTA =.0.98*AVCCC**V*CCA! Electrical testing
16900 CTROB = 2,2*AVCCC**Y*CCA! Troubleshooting
17¢0¢ CRWA: rReworkinyg after assembly
17100 CRAA = N*(0 1T5*NI*NHV+0. 054*&2'N0T940 011*N3*NSJ) _
: . 17200 CCT = 0.15*SF 1 Conforaal coating .
- ‘ 17300 CINSPA = N1*0.086%CCA*SF ! Inspection ’
) 17400 c _
) 17500 C IVe TOTAT MANMFACTITOER
b 17600 aR = 20 ! wage rate, $/hour
‘ N 1770¢ € FMRF, Recurring material fabrication costs:
! 5 17800 F=1 I Materials factor, fabrication
; 17900 . ¢ (1 = epoxy; 1.8 = polyimide)
1R000 CMM = Z'F*NL*QF lMaterial
: D-3
e e e e . i




1810v¢
1820u
1R300
19400
18530
13600
18700
180900
l@?ﬁt
19(0u
19192
13200
1)30¢
17404,
1959¢
1)u07
1770
1960,
193¢0
20000
2710,
2020
2939
20400
27500
2902
270
2000
20901
210U
2116
2129
213900
21400
2145CL
2160,
217)¢
210y
2190
22004,
221‘) ¥
22201
2230
2240
225921
2200u
227C¢
27240¢
22434
23C¢CC
2310¢
2320¢
23300

(]

[

v

316G

CMP = (L 3b*FXNL*SF IPrepreg
CrH = (.8 IChewicals
CAU = 2.5 iGold bath

CHUPE = C4YM & tMP + CCH + CAU
CPA, Recurring material assembly costs:
Compobents cost tactor:
COOMP=0HT*MAY A, SXNTR+AYNRN LY ¥ Pompornients
B = ye87 ! Components coz2fficient
Le(CaSkhetn0e *DIGCIT")ICCOAR =1 * NF P
IF(rASneLde “CARRL 7 )OCORP=RX IS *NFP

N = 29 ! M3terial constant
CMEA = CCOMPE &+ CUN
CM&# L5, Fakrication cost, voluma-independent:
CHEARS(CCLasCPUACRTO #CRY +N 2 A4CLAY

2 +0)P eCPEMHCLT 5400 L+C +CHARSCSHF
J +CPLC+CUS#CLUSEE+CE T +CY ") D
rruFAl, ¢abrication cost, volume-denendent:
TV ACINS 0 PARK(PTL4PT241) XCCTANTI*Y 2R (=K)
17 (CASL. NG°CAKTIT)GU 1N 304

Lssembly costs

C'*'h, volure-indepentent:
CHy s(CTW+CTLV¢CVCHOLTHZ LM4CCIH+OpS4CeTA+C ™ N8
“ C:-'nA"CC'"i-CJ.“DPA)‘v.l-i
5™ 810

ohecial case “Carrier':

AR
CHAS((CLo+CTL T C#OLT+CL M+ N CI+ 0S4 Co TA+C THI
N +C2 Ve CCTHCLUSMAIRC L4+ V= (CLE+CTINECL ™)V 2 )
c*4d, Voluma=-depenaent:
COLY & = CHAY(PAL#PLZ+1 ) XL R (=N )*CO4
Rt POPAL ANTEACTYRENG CHST

SNLE = CPMWASHCTPRYASCHRF+CNTA

Te26 lu, CeHbau

TYY S 20, CPRne

Tvp©R 1@, CMRe

TYPE Ay, £4P4

F{Ze. 37, OCFak

TAPS AL, A

Teps M, NPy

Jr o (I T=IR T Y, ACCE S5S8=7 6FQOUT™7 N0 ="ASCTILY,
Z DEVICH=TUSA T F AL e = [LTAY)
WOlTL (TFLU,LCL)

wWOLTH (IFLY,270)CASR

SNETE O (IFFY,240)

a1 (IeLU,LI)CPIFAL

WILTL (TFLU,2C)CPRMA

WWITE (TFLU,30)CMRE

WOl Te (IF10,40)CMDA

aRLTE (IFLU,50)CCFAS

WRLTe (IFLU,60)CCA

APITL (IFLU,TR)CPUY

N
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APPENDIX E

PRINTED WIRING BOARD (PWB)~ COMPUTER PROGRAM
TO CALCULATE PWB COST MATRICES FOR THE
GENERATION OF COST SURFACES
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00100
00200
00300
0040¢
0050¢
0060¢C
0070¢
00s80C
0090¢C
0100¢
0110v
01200
013060
0140u
0150¢
0lo0y
0179¢
0160¢
0190¢
0260¢C
0210¢
Y2200
0230
0240¢
02500
02L00
02700
0280¢
02901
03600
0310t
03200
0330u
03400
03500
03b0v
0370¢
0380¢
02900
04COL
0410¢
0420C
V430v
0440(
04506
04b0¢
0470¢
0480¢
0490¢
0500V
0510¢
0520¢
05300
05400
0550¢
05600
05700
05800
05900
06000

l+EzEzExRzKziz]

10
20
3¢
{‘ﬂ
52
60

1 &

(N o < Ci

QAaoa

“PWR MANUFACTURR: Matrix Progran"

This progranm genetdtes a matrix for use in plotting
PNB manufacturing costs as a function of two variables
(selected cost factors) on a 3D surface using the
Thermal process of the Analysis subsystem of 7AD.
(FORTRAN subroutine called: uCOFIL; execu'e command:
EXECUTE PYBMAT.FOR,REIISUR/I 1Y)

TMPYLICIT™ PEAL(K,L,N)

INTEGRER IFLU,I,J

NIMONSLION LPPN(), FNANF(S)

NIVENSION CPWR(S0,50)

REAL*E FILNAM

DATA IFLU/Z20/

FINPMAT (° PWwB MANUFACTURE: “atrix teneration *)
FARMAT (° &nter output file nawe 3 °*, $)

FURIMAT (5A9)

FNRYAT (“YIFST?)

FOEMAT (50G)

FORMAT (°**)

TYPE 10

TVPE

ACCFEPT 3y ,FYMAVE

CALL NCDFIL (FNAME, “DAT®,Fdliiu, LPiv)

OPEN (UNIT=TFLU, ACCLSS="SLaUUT®, MNpFE="A8CI1°,

1 CLLE=FILYAM, DIRFCTORY=LPpPY, LTSPUSL="SAVE”)
WOITE(IF LY, 40)

D 100 I=1,50

Lo 196 J=1,50

l‘[. = 0.5*[

V = Jdns

I. GCE YERAL C 0S8 1 FACTUORS

X = 0.35 { Slore

BHL = 22.4 ! Facirlity s17e factor (interceyt)

PAL = 0,2 ! Fraction or non-recurring a-csembiy
engineering costs

vhe = (.35 ! rraction of uon-recurrin; m.terials
assemhly costs

Pr1 = 0e2 ! Fraction ot non-recurring
engineeriny costs

PF2 = 025 ! traction ot nan=-recurcing
materials costs

V = wmatrix element, yearly ;roduction voluame

S = £,.% . U Size factor, area.

11. F A RICALTON
FABPICATION CUST FaCTOKS:S

CLSAN = (.5 { Cleaning factor, Pan

CHF = 1 ! Complexity o1l masking operation
CPH = (.015 { Post~bake cost

HN = 25 ! Hole density

dqNS = 3 ! Numher of different hole sizes
HY = 800 t Suwber of noles

HS = 32 ! Hole size

Ls = 10 ! Line spacing

LW = 12 !t line width

N1 = 10 {f Nutiber of 1nspections

NL = matrix element, Number of layers

NRETC = 3 f Number of retouchings, copper
NRHPL = 1 ! Number ot replatings
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0610C
0620y
05300
0640¢
06500
06b0¢
05700
0680C
0oY0u
Q7¢0v
07104
07200
07300
0740C
0759¢
07001
G770
0730,
0790y
uaLOL
031n¢
0320v
0332¢
04N
08’0
0RL IV
0377
NDRFDL
O.]QI\".
NEISUE
LRSIV
V920t
HRKDE
NIl
TRANES
060"
03790
CIudnv
(R IRT
10¢Aa¢
1010w
1229v
1030
1940t
10590
1060C
1070y
12004
109006
110U
1110v
11200
11300
11400
11500
11600
11700
11b0v
1190¢
1200¢

e B2 Ky}

<

NRPHR = 5 { Number of photoresist retouchings
NT = S0 ! Number of terminals

PS = 4¢ ! Pad size

PSF = 1 ! Press cycle factor

PupA = 30 ! P4y area, square inches

QHF = 0.5 { Hole quality factor

QPLF = 0.5 ! Plating quality factor

TAVFR = 1 ! Adhesive type

T™C =1 { Curing cycle

TCUF = 1,75E=-2 | Copper thickness factor, STuH/ounce
THSF = 1 ! Type of heat sink

THAR = | ! Type of marxing

Téar = 1 ! Tyue of material

TR = (.08 { brilling tolerance

LA I 1 fyve ol photocresist

wCI = 2 t aaiqght of copper, ounces

¢S Le23 ! urilling tolerance (TR) exponent
M ! t CrFAs exponent

VA = ] !t CCIih exponent

GA A =] U Creall exponent

PTL™a = L I ¢ridy exponent
COFAB=(2alu=3%LNeuebT*(La/L ¢l /LS))**arPHAL Tabrication
« FOX(L/POYR AR TN+ (L /HS )Y SAMPA ' complexity
| +P 0TS *NLE* UL TA ' { tactor

RAWRPLCATION STIPS:

COLY = Jad133%a0T

CPA = J1o¥*TYR*OLE*IL

CLIC = CORAREQ G LENNLETOUF* 4Oy
GNP = LUl =R ACOFN Y

ot soak clwuaniny
Photoprint

gtchaing

Photoresist stripping

CTYA = 4,70 =3%0T0 Chanol treatment

CLAY = ZAR=2%NLATYFREST#C1 Lamination a4na hHake
CHEY = (0 dF=a%XPN+C 06 HYS)*TI** *QH t Oriiling

TURM = w02 TMFRDUF R TN ! Removal of :poxy smear
COLS=(0. HE-S*HS+0UUg*HDI* L a1t £Yectroless plating
FPL = el 111XCCEAYRUY ! Electronlating

CM = CLOIORTHAR ! Markiny

CHAT = d.fL=3*NT2CCHAN 1 Installatiou of hardware
Cslpr = 0.2z0*%0kLE ! Solder reflowing

CoLr = DJOXSFACCRAL Oy I Ni and Ay plating

UUS = 0 1S*THSF*TAT t Bond “eat sink

CY.GEF BebE=3*CCRAK* LT xN] ! Inspection

CoTy = 1.2%CCFABASF ! hlectrical testing
TRHE eqorking after fabrication
CAnr = D ISS*MPTTC 40, IuO*NRIPT+).0333XNPPHE

f(fte A 5 S e M3 Ly
ASSEARLY COST FACTUMS ¢
AVCCC = (o5 Average coluiponent complexity factor

\
yF =1 ! dendiny factor

CAl = 0,056 t Assembly complexity factor constant
CA2 = 0,00y ! Assembly complexity factor constant
NDAK = NAX/pPdABA, Axial component density

JLAY = 26 f Average lead density per component
DOT = NNTH/PWBA, Other component density

N=1 { number of reworks
N1 = (G.1 ! Fraction of hybrids reworked
N? = 0.02 {-Fraction of other components reworhed
N3 = 0.01 | Fraction of solder joints
MA = 2 i Number of sides
NAX = 80 { Number of axial components
E-2
I N - =
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12100 NC = 94 { Number of components
12200 NEP = 94 ! Humber of tlat packs R
1230¢ NRY = 16 t Numher of hybrids g
12400 NE = 5 ! Number of inspections
1250u NOTH = 14 f Number of other components
12600 ned = 80¢ 1 Number of solder joints
1?2700 NTD = 4 ! hunber of transistors
12890 k=1 { Component type (l=axial; V=other)
1290¢ RFURA = 6f I Rate of formin; of axial components/hr
1100¢ REUPEP = 1200 ! kate of torming of flat packs pef hour ¥
1310¢ RFUOTH = 120 { tate ot torminy of hybrids .er hour !
13204 QFOWT = 20 | Nnate of forminj of transistors/hour 4
1330v A = B0 | tate ot insertion of axial comps./ht g
1340¢ HTIFP = 120¢ ! Late or insertion of tlat .icks ger hLr
13590 PIH = 120 ! kate of insertion of hyhriu. per hour :
13600 RIT = 20 ! tate ot insertion of transiitors/‘our i
1370 RILM = 50v ! kate of loading psc hour :
13600 41T =50 { kate of leak test :
13904 ATIM = &9 t gate nf tinrin) per nour K
1400¢ pye = 100 ! Kate of vapol c¢leaning naer sour X
14100 y =1 t kxponent af AVCCC .
14200 DAL = UAL/Pwda 3
1430y JNT = NOTH/DPWHA E
1440¢ COA = CALY(DAY+MNUT)+CAZ2*pLAV**1.10 romplexity f[actor -4
1450y C ASSTMRLY ST@@S 3
1460¢ CLF = tA*00T79% (NAASE FURRENTE JFRUR T+ 00y [ FUR ) %o g
14700 [ Lead forming g
14600 CTIM = NAXGUH*MC/RT™LY & Tinniny 4
14930 CVC = yA*U,0855*C/RVC ! Vvagcor cleaning i
1500¢ CLT = NA*QR*Q065*NC/LT ¢ Leak test A
15100 CLM = NA=03*NC/RL t Lnad mavazines !
H 1529\ CCT = MNA*QJIO™(NAX/RIANTC/ CIT4+ IIV/ PLH ) *YP k
3 15300 C (CCYI = fomponant insertion on P panel) i
b 15400 £PS = (.ul 1 kellod solderinng 3
I3 1550¢ CTId = D.3B*"AVUCCC**Y*CCAY Llectrical testinn . i
; 15004 CTRUON = 2,2%AVCCC**Y*CCA! Troubleshootiny 3
r 15700 c rPwp: Kedorking after assembly \
. 15800 CRAA = NR(Q 175" NIXNLY4D 00XV x NP4y 01 1%xM3%48d)
159%u CCT = U 15%SF ! Conforwal coatiny
1G04 CINSEA = MLI*(QLORHE*CMA*SF ! Insmecticon
16104 C
i 1620¢ C iv. TN TAT oA R s ™MIr e R
¢ 16300 wP = 20 { waye tate, S/hour o
ﬁ_ y 15400 c CMiF, oecurring material faltrication costs: g
i 16500 F=1 ! Materials tactor, tabrication 3
7 16601 C (1 = epoxy; le8 = polyinidie) 3
1670u CYY = ZXFRNL*SF IMaterial 5
1800 CHUP = Qo 3HXFRNL*ST IPrapren p
1690y CCH = Coo Ichewicals 1
17004 CAU = 2.5 tcola Lath ;
1710¢ CMRF = CMM + CMP ¢ CCH & CAY
1720y C CMRA, kecurtring material asseably costs:
17300 C Components cost factor: ,
17400 COMP=0e 52 NAX+ I SANTR+450*HY ¢ Components
o 17500 con = 20 t Material constant
. 17600 CMRA = CCOMP + COO
17700 c CMFAB, Fabrication cost, volume-independents
: 17800 CMFAR=(CCLE+CPH+CFTC+CRR+CENA+CLAM
! 17900 2. +CDPH4CREM+CELS+CPLACHFCHAR+CSKE
: 18000 3 +CPLC+CHS+CINSPF+ T LETF+CRWF)*WR

[RE= <
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1R100 CTdFAR, Fabrication cost, voluma-dependent:
1823¢ FPHFAB=CMFAP*(PF1+P?¢+1)'FCFAJ'PﬂI*V**(-A)

1R30¢ C Assembly costs:

1840 C CHA, Volume=-inaependent:

1857%¢ CVA =(CTFeCTLU+CVCH+O LT+ LM+CCTI+CuS+CLTA+C ThOB+
1800¢C Py CRAB+CCTH+CLINSPRY® AR

1870y C T8, volume=-dependent:

18604 CORVA = CMAFT(TAL4DAD+1)YEHL vy *x( V) *(rA
1890¢ C CPAP, TOIAL MARTFACTUPLNG CrIsT

19000u 100 CPau(J,1) = COMFRS+CARMA+CARF+C R
19104 AT T, (IELU,S0)rPwYy

1920¢ APITL (TELY,00)

19300 LRIV}
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