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Fabrication Processes

Peter A. Sandbornylember, IEEE,and Cynthia F. MurphyAssociate Member, IEEE

Abstract—This paper presents an activity-based cost model for modeling integrated circuit (IC) fabrication [1] and electronic
printed wiring board (PWB) fabrication in which the process system assembly have been instrumental in bringing about
steps are defined by material processing activities. The model is an understanding and appreciation of activity-based costing

designed to be used during system planning and tradeoff analysis - . -
prior to physical design. In many activity-based manufacturing methods that are directly tied to specific process steps. Ac-

cost models, activities are based on equipment and facilities Curate cost prediction of the printed wiring board (PWB)

(“equipment-centric”). In the present model, the process steps fabrication process has both similarities and differences with
are based on material processing activities (“material-centric”). respect to cost modeling for IC fabrication and electronic sys-
Equipment-centric models are appropriate for integrated circuit tem assembly. All three manufacturing activities are process

IC) manufacture where the processing cost is driven by facilities . . . .
gn& equipment; however iinWB mgnufacturing whgre a sig- flow/activity-based oriented, have labor, material, tooling, and

nificant portion of the cost is materials, it is more appropriate to  €quipment/facilities contributions, and may be performed for
focus the process modeling around material activities. single parts or in multi-up array formats. However, the sig-

The models presented in this paper compute the volume of pificant cost drivers are not the same for PWB fabrication
materials used and wasted by the activities associated with the as for IC fabrication and electronic system assembly. COO

fabrication of PWB'’s, and in turn, use the computed volumes hes for IC fabricati d f . h
as inputs for predicting fabrication and waste disposition costs. aPProaches for IC fabrication tend to focus on computing the

Activities included in the model are open- and closed-loop plating, lifetime cost to own and operate specific equipment and the
coating, etching, stripping, desmearing, plasma etching, lamina- equipment’s impact on the process, as these are the cost drivers
tion, drilling, filling, singulation, and scrapping. Additionally, in the IC industry. While the cost of materials is included
waste disposition activities that operate on the waste inventory in these models, it is not the focus of the analysis and the
are supported. The models presented here have been integrated | .. . . . L -
into a software tradeoff environment that concurrently performs ~ aPility to perform detailed material manipulation is typically
cost and performance analysis for electronic systems. not emphasized. In contrast, the cost of PWB fabrication is
A tradeoff study is presented that compares the cost and driven almost exclusively by materials (in some cases more
waste associated with fabricating mechanically drilled and plated than 509% of the cost of a PWB is material cost). Labor cost
through-hole PWB’s with conventional and alternative resists and . . . . .
two fully-additive photolithographic microvia PWB fabrication |s.the second_ Ia_rgeSt cost dnver. and e_qmpment IS a (_jl_s_tant
processes. third. Even significant changes in equipment and facilities
costs (including maintenance, down-time, etc.) typically do

Index Terms—Cost modeling, design-for-environment (DFE), not have a large impact on the final board cost

design-to-cost, material-centric analysis, microvia PWB's, printed

wiring board (PWB), tradeoff analysis. _ Both_ IC fabrice_ltion and PWB fabrication diffe_r from other
industries, including electronic assembly, in the importance of
I. INTRODUCTION accounting for waste. The amount of waste generated during

N important part of understanding an electronic system‘ge fabrication of IC’s and PWB'’s significantly exceeds the

cost is the accurate prediction of the cost of the sugmount of material in the final fabricated chip or board, with

strate on which the electronic application is interconnecte@|arge portion of the waste considered hazardous. In conven-

The development of cost-of-ownership (COO) models fétonally fabricated PWB's, up to five times more waste than
product (by weight, not including water) is generated during
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a function of process or design and are less than optimum fast quantitatively assessed until the design is nearly completed.

analysis of PWB fabrication cost and inventory. Because certain system attributes can not be added (or are very
expensive to add) after the design is completed, modern design
A. The Material-Centric Concept aspires to be “correct-by-design.”

In a material-centric PWB fabrication model, each activit A correct-by-design approach depends on the automation

or process step is defined in terms of what it does to tﬁé system planning and synthesis. The key to the plan-

materials associated with the substrate being fabricated. F ggg/synthessfactn?ty 'S de.S'?n g.pt|m:.zat|ona|.e_., aLitor;atlfr;g
fundamental activities are used in this model: € process of pertorming Interdiscipiinary design tradeofts.

qditi ities that add il to th q In an ideal design flow, design-to-cost (DTC) and design-for-
1) Additive—activities that add material to the product. environment (DFE) activities are part of the broader inter-

Instances: disciplinary tradeoff methodology. While independent DTC
a) plating; and DFE activities are useful, their value to system designers
b) coating; can not be fully realized unless the impact of DTC and
c) lamination; DFE decisions on other system economic and performance
d) filling. measures (i.e., electrical and thermal performance, reliability,

_ o ) size, etc.) can be accurately assessed.
2) Subtractive—activities that subtract material from the This paper presents a methodology for incorporating ma-

product. terials (resident in the product and wasted) within a detailed
Instances: activity-based cost model that is part of a larger interdiscipli-
a) etching; nary tradeoff analysis methodology [4].
b) stripping;
c) drilling; Il. MODELING MATERIALS USED AND WASTED

d) trimming (singulation). The cost modeling described in this paper was implemented

3) Waste Disposition-activities that operate on the matedn an activity-based cost analysis, enhanced with energy/mass

rials in the waste stream. balance. The cost model resides in an existing interdisciplinary
4) Scrapping Defective Partsactivities that add partial or tradeoff analysis tool for multichip systems [4]. Energy esti-

complete parts to the waste stream. mation and inventorying were discussed in [5] and therefore
5) Activities with no material manipulation will not be addressed again here. This section focuses on PWB

In addition, activities 1)—4) may have associated “consumabl@@nufacture; however, the principles described are generally
materials. We are defining consumables as materials tAgplicable to other substrate technologies. Similar analytical

are attached to the process (as opposed to the produ@§deling of the volume of material wasted in major PWB
Consumables are used and “wom out’ by the activities a rication activities appears in [6]. Other broader, lifecycle

therefore have a limited lifetime. This lifetime may be a singi@nalysis (LCA) methodologies, predict material usage and

use (e.g., water) or many uses (such as developer, artwd ’ste a_t a more general level with_minimal desigq specific
drill bits). Lifetime may be defined as a fixed amount of tim&tformation, [7]. None of the alternative methodologies men-
(one week, six months) or by volume of product processeifned above are intended for cost modeling or have any
Consumable materials are always completely wasted and aSi@ificant economic modeling capabilities. Two known efforts
point in the process do they reside in the product. are attempting to marry LCA concepts with cost analysis.

While process steps that model the above material actfy¢©B0ard [8], is a tool that estimates environmental impact
ities contain information about the equipment and faciliti€sonsidering product manufacture and downstream processes.
required, the process steps are not defined by the equipm@rfethodology that marries conventional LCA energy/mass
and facilities. By defining process steps in terms of thefdlance with COO cost analysis for IC wafer fabrication has

material treatment, modeling of material usage and waste cd2g§n reported in [9].
becomes straightforward.
A. Inventory Dynamics

B. Cost and Waste Modeling for Tradeoff Analysis During the execution of a process flow, inventories of

All the methods presented in this paper are designed for J§@terial in the product, material in the waste stream, and
during system-level planning and technology tradeoff activiti€d'€rdy consumed are created and manipulated. Each ma-
that take place prior to physical design (layout and routing) tgrial inventory catalogs the material’s volume at. standard
the board. Alternative methodologies that predict cost, materigmperature and pressure (STP) and the material's name.
usage and waste after physical design of the board fit i€ €ach process step is executed, its material and energy
traditional “correct-by-verification” paradigm, in which cost€duirements are computed and added to, or subtracted from

and environmental ramifications of an electronic product aj8e appropriate inventories. Some activities transfer materials
between inventories, e.g., if the step produces waste materials
Iwe are Using a broader definition of consumables than SEMI. SE remOVIng material from the product' the quantlty of waste

defines consumables as, “all parts of the equipment that are worn out. . .
the process operation of equipment and require replacement after less ﬁ.?,dﬁubtracted from the material used inventory and added to the

one year of operation” [3]. The SEMI definition would not include water. material waste inventory. All the inventories are normalized to
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| : — | 1) Plating, Coating, and Wet CleaningPlating, coating,
Define Activity and wet cleaning activities may be treated as open- or closed-
loop systems. In the open-loop system, materials used to

Material Determine Material(s) L. ) .
Database Afiected S perform the activity are used only once before being disposed

Volume Used | ] of (e.g., nonrecirculated spray or curtain coat). A closed-loop
Y > Imisnﬁry system assumes that the material used to perform the activity
] Compute material volume(s) Sv?)lume,d is reusable (e.g., bath, recirculated spray, or curtain coat).
5 2 - Added to product ubtracte ; ; : P ;
T E  Subtracted from product | _. .. e : S\llgtt:::eted . Itis assumgd that there is no material u;ed in cleaning steps
gg - Consumed Environmental (i.e., no material leaves the process step with the product). For
-3 both open- and closed-loop systems, the material uspthta
85 Volume Required = d t st . . b
©o Used & Consumed Volume Iwastte andcoat steps Is given by
Consumed | 'nventory .
»| Compute step material — VOIUmelsed = (area)(thlckness) (1)
cost
v where
Combine with other & Inserted into area— pane| or board area
step costs process flow

thickness= layer thickness
Fig. 1. Modeling process for treating material addition and subtraction. The
environmental conditions are necessary to convert the material volumesEquation (1) is the simplest estimation; however, more detailed

STP. The material database provides material cost and waste disposig@timations associated with a specific process can also be used.

nformation. For example, the volume used in a curtain coat activity would
depend on the speed at which the part moves through the

one instance of the part being processed, i.e., the inventorigstain.

keep the used and wasted materials that correspond to a singldaterial wasted applies tplating, coating,and cleaning

panel or board. If the total waste is desired, the contents of tlige waste associated with open-loop system activities is

waste inventory must be multiplied by the number of panels

or boards that remain in the process.

The interaction of the inventories with the process flow fofhere

the basic additive and subtractive material-centric activities is ] ]

shown in Fig. 1. The models that support the computation offOW rate=rate of material flow in the open-loop system

material volumes in Fig. 1 are discussed in the next subsectiorfime,.,. =the amount of flow time allocated to each part.

volumeyasiea = (flow rate)time,,,t) — volumeea  (2)

) The waste material from steps that are characterized as
B. Material Use and Waste Models closed-loop systems is given by the volume of the closed-loop
When a process step is executed, the quantity of matesgstem that is wasted per part
used and/or wasted by the step is automatically computed. The (area)(bath volume)
computed volumes are converted to volume at STP for storage  VOlUM&yastea =
in the used and waste inventories. The following general
parameters are used in the proceeding discussion:

(maximum surface area per bath)
— VOlUMEyseq 3)

where the denominator of (3) is the lifetime of the bath
volume,.q = volume of material (per panel or board) measured in the maximum surface area the bath can process
that leaves the process step with the ~ before it is discarded. If the life of the bath is characterized
part being processed as number of parts progessed or time, either measure can be
. normalized to the effective surface area processed.
VOlUMEyasieq = volume of material (per panel or board)  yntorunately, baths are usually more complex than the
that is sent into the waste stream characterization in (3). Real baths are often refreshed peri-
inventory,,.,., =inventory of the materials odically with additional bath material or specific components
of the bath. In order to account for additional bath material

and their associated volumes
( I ! vou ) used to refresh the bath, the bath volume in (3) is given by

in a single panel or board
inventory, . .., =inventory of the waste materials
(and their associated volumes)

allocated per panel or board. where the bath volumgg.q per life is computed from the bath
loss rate (e.g., one might convert 10% volume loss per day to
The inventories correspond to panels prior to singulation in@5 gal volume loss per 600 sq. ft. using the actual bath volume
boards, and are automatically mapped to correspond to boaadd the throughput). Refreshing a single component of a bath
after the singulation activity. Algorithms for computing theequires that the loss rate of the component be known and
number of boards on a panel (number-up) are discussedconverted to a component volume/life that can be substituted
[10]. for bath volume into (3).

bath volume=bath volumegc;ya
+ bath volumeyqeq per life 4)
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2) Etch and Strip: Etching and stripping activities maythe volume from (7) is trimmed and contributed to the waste
also be characterized as open- or closed-loop systems wkgeam. The amount of laminate wasted as flash is given by
performed as wet processes (typical). However, computing the )
waste frometchingor strippingactivities is complicated by the fractionaminate removed
fact that the etch (or strip) combines with the material that it = (fractiong,sn ) (VOlUM@,minate) (8)
removes to form new materials that appear in the waste stream.

In the simple case, where there are no new compounds form@fere fractio,sy is the fraction of the laminated material

the waste generated kgfchingor stripping steps is given by thatappears as flash and volumguate is the original volume
of laminate prior to lamination less the waste volume given

volumeyasied by (7). The fractiop,,, may be estimated from the ratio of
= (area)(plating thickness)(fraction etched) (5¥he layer thickness after lamination to the original laminate
thickness. The fractiQQuinateremoved COMputed above is used
where the material in the laptated, coatedr laminatedlayer  tg transfer the specific laminate material in the used inventory
is etched and the fraction etched is an input provided either Ry the waste inventory as in Fig. 1.
the user or as an automatic input from wiring analysis (see thesy prilling: The waste generated lyilling steps is based

discussion associated with (16) for more information). Theh the computation of the fraction of the total panel or board
etchant is added to the material waste inventory [computggks removed

using (2) or (3)] while the material it removes is subtracted

from the material used inventory then added to the material fractionemoved =
waste inventory. If new compounds are formed by ¢bhehing

or strippingprocess then the etchant indicated by volymgq Where area is the area of the panel or board being drilled and
in (5) is post processed by comparison to a chemical compouhé areg.,oveqa iS computed from
database to ascertain the type and quantity of compounds

aAlr€Qemoved
area

(9)

formed. are@emoved = (array sizé(holes per boar){Lmemq
3) Plasma Etching: Cleaning, etching, strippingand 4
desmearactivities can be performed using plasmas (for dry (10)

processing). Plasma etching is treated as an open-loop system.
The volume of plasma gases used is given by where

VOlUMEyasiea = (flow rate)(etch time) (6)  array size=number of board per panel, i.e., number-up

diameter=the diameter of holes drilled.
where

flow rate=rate of gas usage The length of the holes drilled in the piece is given by

. th k f t elnlove: H
etch time= Lness) hole length= [ractioftemoved (volume of inventory, )
(etCh I’ate) aréd@emoved
thickness=thickness of the layer being etched (12)

etch rate=the rate at which the plasma removes

) i where the (volume of inventoyy.,) is the total volume of the
the material being etched ;

used inventory. This length is not needed to characterize the
jlling process, but may be needed to charactediesmear,

The volume of the panel or board that is etched is comput 4 . - .
using the relation in (5) ole plating,and hole filling operations later.

4) Lamination: The material added througtamination The fraction removed, computed in (9), is used to uniformly

(steps that add sheets of material) is computed using (1), wififuce the material used inventory and to add all of the

area replaced by the area of the sheet (argd The waste m?;ena(;dri_movled to the ][natertlal watste_: ||nvento_ry£ d with th
material associated with lamination is given by n addiional source ol waste material associated wi €

drilling process is used drill bits (drill bits are considered a
VOlUMEyasted = (Ar€@yee; — @r€@yeriap)(thickness  (7) consumable). The waste from drill bits is computed using

where areg..1.; is the area of the overlap between the panel « diametef
and the sheet, and thickness is the thickness of the laminate. 4 }
Equation (7) is only used if the sheet area is greater than the (holes per board)(array sizp)
overlap between the sheet and the panel, if the sheet is smaller : { (bt lifetime) T (12)
than the panel, then there is no laminate waste at this point in
the process (laminate will be added to the waste stream latghere bit lifetime = (strokes between retips) (maximum
when boards are singulated from the panel). number of retips+ 1). The product of the maximum number
Equation (7) represents the laminate waste prior to the actoélretips and the cost per retip is added to the original drill
lamination activity. The heat and pressure of the laminatidiit cost.
process usually produces an additional flash around the pebesmearsteps are treated as specialized cleaning activities
riphery of the part. At some point, the extra flash along witthat operate on all surfaces, specifically the inside of holes by

VOlUME&ameved = (bt length) [
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removing material that smears during the drilling process. Thée first term in (16) is the pre-etch volume of the layer in
volume of the material removed by desmearing is given bywhich the channels are to be filled, the second term is the
fraction of the layer that is actually channeled, and the third

VOlUMG ermovea = (SMear thicknegésuriace aregec.) term is the fraction of the panel that is actually board area. The

+ (plating thicknesKfraction etchei wiring, .., is determined from routing estimation methods that
7 diameter’ predict the total length of wiring necessary to route a specific
area— —— X
4 design based on the number of components, the number of

_ inputs and outputs (1/0), and the number of nets. See [11] for
- (holes per boardarray siz¢| (13) a summary of the methods used to predict application wiring

) ) ) requirements.
where the smear thickness is the thickness of the layer coatinghe second term in (16) assumes that all the wire widths

th? walls of the hole and, area is the area of the pan(_al or boakgh spacings on the layer are the same. In reality, wiring layers
being processed. The total surface area of the holes is givernggan use a variety of design rules; however, the approximation

surface areg,., = m(diametej(hole length used in (16) is appropriate for system planning level analysis
. (holes per boardarray size. (14) performed prior to layout and routing. The second term in

(16) can be replaced by a more accurate estimation if one is

The second term in (13) accounts for the fact that the desmaaailable.

activity also etches surfaces besides the inside of holes [notef) Singulation(Fabrication, Routingy The process of

(plating thickness)(fraction etched) may be approximated Isingulating the boards from the panel is a major contributor

the smear thickness]. If a bath is used for desmearing, tteethe waste stream. The fraction removed in the singulation

volume of material wasted in the desmearing process is taetivity is given by (9) where

sum of the etchant used [given by (3) with area replaced by

the surface argai. from (14)]. If plasma desmear is used, &f€&emoved = (aregane) — (aredoara)(array size  (17)

(6) is used to compute the volumgiea. o .
6) Filing: Several filling activities are supported in theVhere array size is the number of boards per panel. As with

present modelfill holes, fill channels,and fill vias. Filling d"illing, the fraction removed is used to uniformly reduce the

is an important activity in some additive PWB fabricatioﬁnate”al useq mventory and to add all of the material removed

approaches where conductors and/or vias are formed usﬁﬂ%he material waste inventory. _

photolithography techniques. Filling of mechanically driled Eduation (17) is used only when the board edge is homo-

holes with paste or ink may be an activity in either converd€neous (i.e., every layer has the same area). If the board

tional (subtractive) or in fully additive processes. The amoufifl9€ iS not homogeneous the arga,.q must be computed

of material used to fill holes is given by separately for each layer. _ . _
8) Scrapping: In addition to having a significant impact
volume,..a = (hole length(are@emoved)- (15) on cost and quality, scrap is an important contributor to the
For drilled holes, hole length and argg..a are computed waste stream. Test and inspection activities determine the
during the drilling operation, (11) and (10). In the case of viJéaCt'On of |nd|V|dl_JaI boards or panels that are scrapped. Whef.‘
%evbpanel or board is removed from the process flow (because it

(that are assumed to extend only through the previous la ) . :
fabricated), the volume of material used for filling is given b as either correctly or incorrectly found defective by a test or

(15) with the hole length replaced by the thickness of the | Qtspection step), all the money spent on it and all the materials
plated, coatedor lamination activity associated with it (both the materials in the panel or board, and

The volume of material used to fill the channels is the waste materials associated with processing it to its prese_nt

state) must be reallocated over all the panels or boards still

&angused} in the process. The process that manipulates the inventories

LW+ LS when parts are scrapped is shown in Fig. 2. The material used

(array Size(are%oard)} (16) inventory is unaffected by scrapping, but the material wasted
(areganer) inventory is modified as

VOluMEyseq = [(Ar€ganer)(thicknessy] [

where .
LW line width (metal trace or channel) on the NEW INVENtONfaste/ board
Wiring |a.yer; = (inventoeraste/board) + (inventor){lsed/board)}
LS space be_t\{veen lines (metal traces or channels) scrap
on the wiring layer; . [mp} (18)

thickness  thickness of the lgstated, coated, or lamina-

tion activity, where scrap is the fraction of panels or boards removed from
wiring.s.a  fraction of theoretically available wiring on the process flow at a test or inspection step. The variable scrap

the wiring layer that is actually needed foris a function of the incoming yield (or 1 — defectivity. ) of

routhing? the parts and of the test coverage associated with the step [12]

2In the context of (16), “route” refers to the process of wiring all the . toct
required electrical connections together as described by the netlist. scrap= 1 — (yield, )*est coverage (19)
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‘ Define Activity ‘ Define Activity |

Y Y

’ Select Material(s) |

Compute fraction of
parts scrapped (scrap)

oid ‘ Volume in
Wasted

Inventory

Used
Inventory

Waste
Inventory

Get Volume of
selected material(s)

Material
Database

/

Move materials
between the o

inventories

Waste
Inventory

scrap

of each Inventory
1-scrap

Volume
from waste
inventory

Remnant(s)

Replace processed

Waste New L materiai(s) with
Inventory remnant(s) Remnani(s)
Cost
Compute step disposition Density
cost Inventory Category

Fig. 2. Modeling process for defective parts that are scrapped as a result of
inspection or test activities. scrap is the fraction of panels or boards scrapped +
by the test or inspection step. Combine with other @ Inserted into

step costs process flow
where Fig. 3. Modeling process for treating disposition of wastes in the waste

inventory. A “remnant” is a portion of the original waste material that is
test coverage- 1 — probability of not detecting a defect tagged to indicated that a waste disposition activity has been performed on it.

at test or inspection

. . Waste Disposition Costs
yield,, =1 — defectivity, | /\'

defectivity = total fraction defective through product Process/Test/Repair Step

» Cost

life (process.|_ test+ field fai|ureg Cost, Quality, Time R +Time '« Test Coverage Gost, Qualty, Time

* Repair Success

Inventories of: * Material Consumption Inventories of:

defectivity,, = fraction defective prior to a test or Materialin Product | * Waste Generation « Material in Product
i . * Wasted Materials * Energy Consumption * Wasted Materials
inspection step and subsequent scrap * Energy Used p - Energy Used

Equation (18) is complete only undgr the assumption thc_';\t none Matorial Proerties Application Propertes

of the defective parts can be repaired and reinserted into the Energy Properties

process. If repair is possible, a more complex treatment is

necessary [_13]' . . Fig. 4. General process step model used within the SavanSys software tool.
Test and inspection steps can also involve any of the other

material activities discussed in this section, including the uge podel Implementation

of consumables. L ) ) )
Note, thescrappingactivity is the only material use or waste On an individual process step basis, the material cost is

calculation that ever directly modifies the waste inventory (&fmMPuted by multiplying the volume.q and/or volum@as:cd
others simply contribute to it). associated with the particular activity by the cost of the

9) Waste Disposition:There are no specific materialmaterial- The material cost is then combined with the labor,

volume calculations associated with waste disposition. TRéocated tooling, and allocated equipment costs to form the
process that manipulates the inventories for waste dispositffiire cost of the process step. - _
activities is shown in Fig. 3. At the simplest level, waste The modeling described in this paper was implemented
disposition costs are computed by extracting the volume Wfthin the SavanSys tradeoff analysis tool from Nu Thena
the specified waste from the waste inventory and multiplyingyStems, Inc. [4]. The tool performs process flow modeling by
it by the cost/volume of its treatment (note, the cost/volunfoviding a set of process step objects that may be combined
can be negative if the waste can be sold, e.g., used drill bitdY. the user to describe a process flow. Process steps can be
The only modification to the waste inventory that is necessa#gfined at a high level (cost, yield), or a detailed level (time,
is to replace the processed waste material with a “remnarlgbor rates, material costs, equipment costs, tooling costs, etc.).
A remnant is a version (or a portion) of the original wastErocess flows can be constructed with a mixture of both types
material that is tagged to indicate that a waste dispositi@,ﬁsteps. In addition to the material inventories, cost (recurring
activity has been performed on it. and nonrecurring), quality (defect density or yield), and time
All the analyses discussed in this section assume that og accumulated through the process flow by the tool (Fig. 4).
one unique board design is fabricated on the panel. If the paneWhen executed, each step in the process flow uses its
contains more than one unique board design, then, in geneletal data to modify the cumulative cost, quality, and time
the volume used and the associated waste computed perabgociated with the object being manufactured. Process steps
equations in this section must be multiplied by the fractiomay be grouped and repeated. The number of repetitions is
of the panel used for the board design of interest. In casgither specified by the user or referenced to a function of a
where an array size (number of boards on the panel) appeamsduct property (e.g., the number of wiring layers in a board
in the relation, the effects of more than one board design divided by two). Processing may also occur in array formats
the panel can be used to modify the array size directly.  or single objects, for example, a panel or single board could
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Fig. 5. Cost as a function of process step for the fabrication of a double-sided, undrilled, copper clad layer-pair. The embedded pie chart abtorsathe fr
distribution of labor, material, tooling, and capital costs. The portion of the material cost that ends up being wasted is shown as a raised pie slice.

be processed. The tool automatically maps the cost and defe@nd 7), artwork (steps 9 and 10), and the automatic optical
density of a panel to the cost and yield of a board whenimaspection (AOIl) step at the end of the process flow. The AOI
format change is detected. step includes the cost of performing the inspection (labor and
In addition to detailed cost analysis, the tool concurrentlyapital) plus the reallocation of money spent on layer-pairs that
computes physical (size, weight, interconnect routing requirgre scrapped by the AOI into the layer-pairs that are passed
ments, escape routing), electrical (delays, attenuation, loi the inspection. The pie chart included in Fig. 5 shows the
drops, effective inductance), thermal (internal and externglative contributions of labor, material, capital, tooling, and
thermal resistances, air cooling), and reliability (MTTFyield loss to the cost of a layer-pair. The pie chart also shows
performance metrics for application specific multichiphe fraction of the cost that has been invested in material that
systems. SavanSys is integrated into the Mentor Graphigsyasted prior to completing the processing of the layer-pair.
and Cadence physical design frameworks and is compatiBlgte that the AOI step includes material in addition to labor

with Aspect and DIE format databases. and capital contributions. While the AOI activity has no direct
material cost associated with it, the process involves scrapping
IIl. AN ILLUSTRATIVE EXAMPLE layer-pairs that contain material investments. The material

This section presents a simple illustrative example analy#estments are allocated back into the layer-pairs passed by
performed using the model presented in Section II. All thROl; this reallocation is shown as a material cost associated
results and figures in this section were automatically generat&tih the AOI step. Waste disposition costs associated with the
by the model discussed in Section Il. An actual tradeoffaste material from layer-pair fabrication is considered at the
analysis appears in Section IV of this paper. The analysis &Rd of the full multilayer build (see Section IV).
this section is intended for demonstrative purposes. The materials used for layer-pair fabrication are shown in

The example presented here is the fabrication of a doubféd. 6. Nearly all the volume of material that is present in
sided, undrilled, copper clad layer-pair for use in convention#ie final layer-pair is added by the copper clad laminate (first
PWB fabrication. The costs as a function of process stépyee steps). Application of the resist is shown in steps 6 and 7.
are shown in Fig. 5. The plot shows cost broken down bihe develop process removes all of the resist except that which
labor, material (computed using the methodology discusseavers the metal features desired on the layer. Etching removes
in this paper), tooling, capital, and lumped. The “lumpedall the copper that is not protected by the resist, and strip
cost represents the effective cost of yield loss. The tot@moves the remainder of the resist. There are other second
cost of an 18x 24 in layer-pair fabrication in this case isorder variations in the material usage that are too small to be
$19.38 with a yield of 94% per layer-pair (yielded cest seen in Fig. 6, such as a slight reduction in the volume of
$20.62/layer-pair). Approximately half the cost of the layematerial in the layer-pair in the “Mylar Removal” steps in the
pair is the cost of the laminate inserted in the first stemiddle of the flow. Mylar removal is the step where Mylar
Other significant contributors include the cost of resist (stefisat is protecting the resist layers is removed and discarded.
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Fig. 6. Material used (material in the product) as a function of the process steps associated with fabricating a double-sided, undrilled, dappepaiad

Fig. 7 shows the material wasted as a function of proceissthe waste disposition costs. The first section compares al-
step in the layer-pair fabrication. Most of the waste generatégtnative resists for fabricating conventional boards, while the
is water from the rinse activities; however, nearly 1000 csecond section compares the conventional board fabrication
of nonwater waste is also produced. The nonwater wastetasthe microvia constructions. Alternative cost comparisons of
composed primarily of developer and stripper but also includesnventional and microvia board fabrication technologies have
cleaners, resist, Mylar, and artwork. Note that the first thregpeared in previous works [14] and [15]; however, no other
steps (the initial laminate insertion) produces no waste fetudies to date consider the details of material usage, waste,
the layer-pair fabrication. Obviously once the layer-pairs asnd waste disposition that are treated here.
used in the fabrication of an actual PWB, there will be All of the analysis in this section is based on constructing
considerable waste laminate generated when individual boafdsr 6 x 9 in boards on an 1& 24 in panel. The application
are singulated from the panel. That waste laminate will not lmensidered is a smart I/O module for a U.S. Navy standard
inserted into the waste inventory until the singulation activitgirborne computer that can be implemented using either an
occurs, i.e., all the laminate used to make the layer-pair is s8ight layer conventional board (5 mil lines and spaces, 13.8
part of the layer-pair at the end of this example. The AOI stepil diameter through-holes) or six layer photovia board (6 mil
at the end of the flow contributes significantly to the wasténes and spaces, 9 mil diameter vias).
inventory because it scraps some of the layer-pairs that hav@he costs appearing in the following discussion have been
been produced. All the materials in the scrapped layer-pafgeneralized” so as to not reflect any specific manufacturing
and all the waste allocated to the scrapped layer-pairs muatility and should be considered accurate for relative compar-
be reallocated into the waste inventory for the nonscrappswn rather than absolute magnitude. Experience indicates that
layer-pairs. Included in the waste that must be reallocatedramdom errors account for an uncertainty4$0.70/board in
the waste water used to produce the scrapped layer-pairsathdhe following cost predictions.
well as the original laminate and resist used to produce the

scrapped layer-pairs. A. Waste Reduction Through the Use of Alternative

Resists for Conventional PWB Manufacture

IV. A COMPARISON OFBOARD FABRICATION TECHNOLOGIES The objective of this analysis is to evaluate the impact

In this section, we present the results of technology tradeaffi the environmental and economic metrics of a modified
analyses that compare PWB's fabricated using conventiorgiproach to conventional PWB fabrication. This approach
mechanically drilled and plated through-holes and PWBimakes use of a developmental product at DuPont known as
fabricated using photolithographically defined vias and coRermanent Innerlayer Resist (PIR) [16]. When using PIR, the
ductive ink. The common driver behind all the fabricatiophotoresist used in patterning of the internal layers is left
variations considered in this section is reduction of the volunem top of the copper circuits after develop and etch of the
of waste resulting from the process, and thereby a reducti@yer-pairs. This approximately 1-mil thick film acts as an
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Fig. 7. Material wasted as a function of the process steps associated with fabricating a double-sided, undrilled, copper clad layer-pair.

adhesion promoter, a function typically achieved by oxidizing ;2 .
the copper traces. By using PIR, a board shop can eliminate
the stripping and oxide treatment processes and associateg
waste streams, with consequent environmental benefit as well
as reduction in production costs. Oxide treatment for improved
Cu/prepreg adhesion is one of the dirtier processes in PV-gB8 1
fabrication. The strong caustic at high temperature requiréd
for the oxide process is costly to use and dispose of dueg?o6
the high pH, oxidizers present, and dissolved metals built Ezo'p
over time. Elimination of the oxide process would also reduée * +
water usage. In addition, use of PIR would eliminate stripping

O Conventional
B Conventional PIR

Significant contributors
to cost and waste not
present in PIR process.

|

and its associated nonhazardous waste and water usage. 2 L -

The biggest contributors to cost in the fabrication of a I I ) 4
multilayer board, whether conventional or using PIR, are press, || ol | o J— I;'r/-l\\; , m /A\
lamination, fabrication of the layer-pairs, electrical test and § 2 & g & 3 2 g 3 5 LE
inspection, and application of the solder mask to the outer §‘§ & £ i AN N
layers. Material costs are the primary drivers for the layer-pairs £ §E & 3 Eg_ § e = AN
and solder mask application, while labor and capital equipment 2 g g § w

are the primary cost drivers for electrical test and inspection.
A cost comparison of PIR with the conventional approaghy. . cost of conventional and PIR layer-pair fabrication including oxide
for layer-pair fabrication through oxidation is shown in Fig. 8rreatment, excluding waste disposition. (The actual process models used
As can be seen by the graph, most of the cost for bovfﬂnsist'of~30 process steps that have been combined in this figure for
approaches resides in the laminate (predominately materci%rivemence')
costs), followed by artwork, AOI (labor and equipment costs
plus reallocated material costs from scrapped layer-pairs), and he total cost for PIR is virtually identical to the cost of
resist. There are five steps within the layer-pair constructidéhe conventional approach for the fabrication of layer-pairs.
at which the cost differs. The prebake and final cure step®wever, it should be noted that waste treatment costs are
are required only by the PIR approach, but their cost @&lculated at the end of the multilayer build, not stepwise
minimal. The expose step for PIR has a slightly higher coitrough the process. If included at this point, the cost of
because PIR requires a higher exposure energy and therefotleeaPIR approach through oxidation would be lower than the
slightly longer process time. These costs are offset, howeveonventional approach.
by the cost of strip and oxidation which are required for the Fig. 9 shows a cost comparison of PIR versus conventional
conventional approach but not by the PIR approach. processes for the entire multilayer build (eight layers). The



106 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY—PART C, VOL. 21, NO. 2, APRIL 1998

|j Ccr{ventional, Cost = $72.71/board o
\l Conventional PIR, Cost = $66.72/board [~ ™"~

Waste disposition cost for
conventional and PiR are -——
significantly different

Cost ($/board)

ol M [T | - i | , im
= = " o [ @ ° 3 o -
4 s 5 = £ g o ? @ £ o @ 3 ] - < & @ e 5
s = = a - 3 £ £ o = £ - L] < 3 x 3 ) o =
a k] ] g 3 o z T o 7] T 3 = = S8 @2 = = i
T £ £ 58 53 8% ©® w ¢ T : & 5 £ = § g 3
2 E € 82 5% T8 g 5 H H H k-] § 837 2 £ a 3
8 s =% 53¢ 2z o a £ s = r] s 2 @ H 2 a
= » ol Yz §E @ 8 g S ] o ® o3 x 8 =
> 4 3 2 1:<t o 5 2 @ - ® ® 0 = i B}
c H £ g 5 o S w T a a 39 = o
£ n @ a o
o = < 2 w Q g < e 0O H
a uw
o
<

Fig. 9. Cost of conventional and PIR full multilayer build including waste disposition. (The actual process models used cen2Bd pfocess steps
that have been combined in this figure of convenience.)
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Fig. 10. Waste disposition costs as a function of material category. The “nonmetal containing liquids and sludge” category includes water.

primary cost differentiators are the oxidation process costslf the entire multilayer build for both conventional and PIR
and increased waste treatment and extra disposal costsdpproaches is compared, the PIR process costs $66.72/board
conventional. The increased disposal cost for the conventionalsus $72.71/board for the conventional process, a delta of
process is due to greater water usage associated with oxidati&$:99 or a 8% reduction in cost. In summation, the additional
A comparison of the total cost of a PIR and convention@rocess costs for PIR (cure and expose time) are offset by the
multilayer build without considering the waste dispositiorost of eliminating the strip and oxidation processes used in the
indicates that the two approaches have virtually identical costenventional approach. The savings in waste treatment costs
The impact of waste treatment costs for the conventionfalr the PIR approach, however, result in savings in overall
approach is striking. At over $7/board, this cost is more thdroard fabrication costs when compared to the conventional
three times that of the PIR approach, for which the wasépproach.
treatment costs are just under $2/board. The primary driver isThe PIR approach offers the potential of a nearly 8% cost
the amount of water required by the conventional procesgvings for a multilayer board, with the primary cost benefit
which increases sewage and sludge disposition costs. Tibésng in reduced water usage. Total waste was reduced from
difference is seen in Fig. 10. 427 liters of waste per board to 41 liters/board using PIR,
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where most of the waste reduction was water, Fig. 11. Wastest of the PDDF. The conductive ink approach is slightly less
excluding water and gas was reduced from 5.3-3.8 liters/boaxpensive than the electroless approach; however, we expect
(28%). There was no reduction in hazardous waste, as the otilg difference to become more pronounced once conductive
RCRA type-D hazardous material used in either process is h& material costs decrease with maturity. Significant cost
lead solder, which is not influenced by the PIR process. differentiators include filling the through-holes drilled in the
core and waste disposition. In order to achieve an overall spec-
B. Photovia versus Conventional PWB Fabrication ified thickness for the board, the core substrate is thicker and

The objective of this analysis is to evaluate the economigg_nsequently the through-holes are larger for the elgctroless
of a fully-additive photovia approach to PWB fabrication, Th8Uild- As a result, this approach requires more conductive paste
photovia approaches make use of a developmental prodﬁ@fj more labor to fill the core vias than does the conductive

at DuPont known as permanent dielectric dry film (PDDFJ'K approach.
[17] and metallization using Ormet 3005 conductive ink from ' "€ ink photovia approach uses less than half as much water

Ormet Corp., or Circuposit 71 (CP-71), a full build elec@S the_ eIectroIe_ss copper apprpach (19 versus 39_Iiters/board).
troless copper process from Shipley. The construction Ehe difference in water usage is due_ t_o the selectlye catalyza-
fully-additive boards begins with a dielectric core betweefPn Process (swell, etch, and sensitization) required by the
30 and 50 mils thick. Relatively large>@8 mil diameter) CP-71 electroless copper plating process (Fig. 13). Total waste
through-holes are drilled through the core substrate and fillf the ink process is approximately 39% less than for the
with CB 100 conductive paste from DuPont. Signal layers arffectroless process (30 versus 50 liters/board).
via layers are added sequentially to each side of the core usingomplete comparisons of board cost and waste disposi-
PDDF to form the pattern and provide electrical isolatiorfion costs for the conventional and photovia processes are
Full build electroless copper or conductive ink is added to tif&own in Figs. 14 and 15. The comparison is for eight layer
channels and via holes within the layers. Detailed descriptiog@nventional boards and six layer photovia boards. Fig. 14
of the photovia fabrication approaches appear in [17] and [1§ows that although fabrication of the multilayer build (all
It should be stressed that the photovia results in this sectipfpcessing up to the outer layer fabrication, excluding waste
assume a level of process maturity that is not available at thisposition) is significantly less expensive for conventional
time; although operational boards have been fabricated uskrgrds, the reduced expense of the photovia outer layer
the process modeled here, they have been fabricated on smé#lbrication and waste disposition more than make up the
dimension panels in a prototype manufacturing environmenqlifference. The photovia boards cost approximately 5-8% less
The panel size and quantities have been scaled upward tltan a conventional board for this application, although the
comparison purposes. conventional board with PIR resist gave the least expensive
Fig. 12 shows a comparison of the process activity cogesult at $66.72 per board. Total waste volume was reduced
associated with the ink and electroless photovia fabricatisharply due to reductions in the amount of water used. The
approaches. Overall, the most significant cost contributor is tbenventional board generated 427 |/board of waste water while
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Fig. 12. Cost of ink and electroless metallization fully-additive photovia PWB fabrication processes including waste disposition. (The eessanodels
used consist of 250-350 process steps that have been combined in this figure of convenience.)
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Fig. 13. Waste water of ink and electroless metallization fully-additive photovia PWB fabrication processes including waste dispositioua(Tireeess
models used consist of 250-350 process steps that have been combined in this figure of convenience.)

the other builds gave: PIR—41 lI/board, ink photovia—18lefined by material processing activities. The model was

I/board, and electroless copper photovia—39 I/board. applied to trading off the cost and waste associated with
fabricating traditional mechanically drilled and plated through-
V. CONCLUSION hole PWB’s with conventional and alternative resists and two

In this paper, we have presented an activity-based castriations of a fully-additive photolithographic microvia PWB
model for PWB fabrication in which the process steps afabrication process. Results of the tradeoff analysis for eight
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; paper assume a level of process maturity that is not available
' ‘ at this time.
Making the most appropriate tradeoff decisions to optimize

a system requires an analysis treatment that is application
specific and can capture fabrication cost details. The required
tradeoff analysis including detailed cost prediction is possible
and practical at the system planning phase of design using
methodologies and tools like those presented here.

45 ¢

£ Conventional, Cost = $72.71/baord

= Conventional PIR, Cost = $66.72/board
0 Photovia Ink, Cost = $67.12/board

O Photovia Hectroless, Cost = $68.92/board

Serialization for phatovia
—approaches is in the
"Multitayer Build" Activity

Cost ($/board)
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