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Economic Analysis and Optimization of Tool
Portfolio in Semiconductor Manufacturing

Yon-Chun Chou and Chuan-Shun Wu

Abstract—The tool portfolio of a plant refers to the makeup, in ~ wafer plant exhibits complex queuing network behaviors. Not
quantity and type, of processing machines in the plant. Itis deter- only is its throughput complex to estimate, but there are other re-
mined by taking into consideration the future trends of process quirements such as cycle time and work-in-process (WIP) level

and machine technologies and the forecasts of product evolution " . . . . L
and product demands. Portfolio planning is also a multicriteria which should be simultaneously taken into consideration in per-

decision-making task involving tradeoffs among investment cost, formance evaluation.

throughput, cycle time, and risk. Tool portfolio planning is a There are three importantissues in portfolio planning, namely
complex task that has strong bearing on manufacturing efficiency. performance evaluation, configuration design, and risk analysis.
In the first part of this paper, a multicriteria economic decision A tool portfolio can be represented as an ordered set of tool

model is presented for optimal configuration of the portfolio and - . . .
to determine the optimal factory loading. The second and third quantities, T'P(=n1, ny, ..., ng, ...), wherek is the index

parts of the paper contain applications of the model. If plants are for tool groups. The number of tool groups is in the order
closely located or have a twin-plant design, portfolio planning at of one hundred. Tool groups are not always distinct. A tool
multiple plants can be integrated to enhance the overall effective- group can be used as alternative tools for some other tools
ness of portfolios. In the second part, a novel methodology for afer setup operation. The solution space is very large for
arbitrating capacity backup between plants is described. Because fi tion desi iall hen the tool toli f
the economic model is constructed upon a valuation of both cycle con |_gura_ on eslgn, especia y_W en tne tool por _O 10s 0
time and throughput, it is a suitable method for the evaluation Multiple time periods under multiple demand scenarios are to

of cycle time reduction projects. The application procedure is be determined [1], [13].

outlined in the third part. Portfolio planning requires a capacity model of the plant as a
Index Terms—Configuration design, cycle time reduction, basic tool for performance analysis. Static capacity modeling,
resource portfolio planning. queuing capacity modeling, and simulation are three common

modeling techniques of capacity analysis. Static capacity
models are the most popular because of its ease of use. A static
model may take into account all or part of the capacity factors:
HE tool portfolio of a plant refers to the makeup, in quantool availability, tool efficiency, process yield, lead-time offset,
tity and type, of processing machines in the plant. Toalnd changeover time loss [3]. The availability, efficiency of
portfolio planning in the semiconductor industry is an importarierial tools, and process yield can be easily included in the
task that has strong bearing on manufacturing efficiency. Bealculation logic. The other factors are more involved and have
sides the implication of high investment cost of semiconducteen the focuses of several recent studies. The loading policy of
processing tools, there are several other reasons. First, the tgath machines has a strong effect on machine utilization and it
portfolio is determined by taking into consideration the trendsas been studied extensively. Depending on whether job arrival
of process and machine technologies and the forecasts of prielermation is utilized or not, loading policies can be classified
ucts and product demands. Due to rapid changes in the tegh-either static [5] or dynamic [6], [7], [14]. The efficiency
nology environment, there is a high uncertainty of mismatalt batch tools can be estimated using regression analysis of
between actual demands and the right types of capacity. Be-entry times and work release quantity or by formulas [3], [7].
cause the market environment is volatile, there is a high rigke changeover loss can be estimated from historical data of
of under- or over-capacity. The tool portfolio must be evaluatete occurrence times of tool idleness [10]. The lead-time offset
and fine-tuned on a continuous basis. Also, a wafer fabricatiozas shown to be a significant factor in computing workload
plant is a complex manufacturing system that contains seve4]l. Static models are very useful; the major shortcoming is the
hundred machine tools and the manufacture of a product teek of flow time information.
quires several hundred processing steps. Because the tools am@ueuing models are used in the analysis of the steady state.
storage systems in a plant are tightly interconnected, by autthey provide the flow time, utilization, and WIP performance
mated material transport systems and by computer controlinformation. Programs based on queuing capacity models
require a very short time to run and can provide results with

. . . _ modest accuracy. It was reported that the accuracy of queuing
Manuscript received May 8, 2002; revised July 15, 2002. This work was
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an initial
portfolio

simulation models can provide very accurate capacity informe|  static Capacity
tion. However, their construction and maintenance require ver Analysis —>
significant effort, and their computer run time is usually long.
They are not suitable for early stages of portfolio planning
in which many alternative portfolios need evaluating. Insteac
they should be used to verify and fine-tune the final portfolio.

The importance of portfolio configuration under demand
uncertainty has been well recognized in the literature. Becau:
capacity requirements are dependent on the product mixe
Kotcher describes a heuristic procedure for identifying tool set
that are prone to become bottleneck tools as the product mix
are changed [8]. The loading of each tool set is first compute Efficient II Portfolio |
based on a fixed product mix. Tool sets with high utilization are | Pertfolios Improvement
selected for further sensitivity analysis under varying product
mixes. These tools are called capacity-constraining tooksy. 1. Generating a solution space of efficient portfolios.
They are prioritized along with their triggering product mixes.
Swaminathan addresses the tool procurement decision over a
planning horizon of multiple time periods [13]. The uncertainty
of product demand is modeled by a set of demand scenario$n configuring a portfolio, marginal analyses of multiple per-
where each scenario reflects a possible set of demands ftfimance measures can be used to incrementally adjust tool
different products and each scenario is associated withg@antities [3], [12]. Suppose there is a $et= {1, ...,F}
probability of occurrence. A large Integer Program model isf products to be produced and a #t= {1, ..., K} of dis-
described that minimizes the expected stock-out cost over @hct tool groups. The raw input data for portfolio planning are
demand scenarios. The paper also presents two heuristicgnh® process routing for each prodycte F, tool information
generate upper bounds and two relaxation methods to genefeteeach tool group: € K, and product demandX;). The
lower bounds. A stochastic programming approach to capacdityl requirementsi;,) are computed based on processing time,
planning under demand uncertainty has also been descrilpggchine availability, process yield, and other factors, but for
[1]. The uncertainty in demand is modeled by a set of demapgkvity it can be expressed as
scenarios. The tool purchase, wafer starts, and work assignment
deC|S|on§ are formul_ated as a very large mlxed-mteger program Ry = Z Ds-Wy i
of 2500 integer variables, 230000 continuous variables, and r;

140000 constraints.

Portfolio planning is a multicriteria decision task involvingvherel; , is the standard processing time of prodficin tool
tradeoffs among investment cost, throughput, cycle time, ahdFig. 1 is a flow diagram for a two-stage procedure we used
risk. The decision is complicated. Not only are there multipl® generate the solution space of portfolios. A static capacity
portfolios that will satisfy a specified set of production goalanodel is first applied to generate an initial solution. Because
but also that each portfolio can be operated in a multitudee logic of static capacity models involves calculating the av-
of load scenarios, yielding various combinations of multiplerage workload, they provide the first order analysis of capacity
performance measures. There is little literature on this tradeoffguirements. In comparison, both first-order and second-order
analysis except by Ozawa [12]. Furthermore, most worlsalyses are addressed in queuing analysis. (Queuing analysis
reported in the literature deal with how to determine the tookquires second-order statistics such as the variance of job ar-
portfolio using one method of workload allocation or anotherivals and job processing rates.) The resultant portfolio of static
However, in capacity planning, the planner would also beapacity analysis is alower bound portfolio. In the second stage,
interested in knowing the risk that any capacity plan entailthe initial portfolio is evaluated using a queuing model to esti-
There is also very little treatment of this risk issue in thenate its performance in throughput, flow time, and utilization.
literature. Based on the estimated performance, the portfolio is then mod-

The focus of this paper is on the multicriteria issue of portfied by increasing the machine quantity of the bottleneck tool
folio planning. An optimization and economic analysis moderoup. This improvement process continues for a number of it-
and its applications are presented. The remainder of the papeations to collect a set of efficient portfolios. There is more
is organized as follows. In Section II, a procedure to generdten one strategy to improve any given portfolio. This will be
a multitude of feasible portfolios is described. Those portfoliadiscussed next.
constitute a solution space. In Section Ill, an economic decisionThe bottleneck of a plant is a very complex phenomenon. A
model is presented for optimal configuration of the portfoli;common point of view is to take the stations with high utilization
and to determine the optimal operation loading. In Section I¥s the bottlenecks. However, as evident in many studies, there
a novel methodology for capacity sharing between plants is dee other indicators or concepts of bottleneck that are rooted in
scribed. Finally, the procedure to apply the economic modeltize synergistic effects of machine availability, utilization, and
cycle time reduction projects is described in Section V, and comaintainability [9], [11]. Because the available time of a tool
clusions are found in Section VI. can be divided between regular utilizatios),(utilization due

Queuing Capacity
Analysis

) 4

All performance
satisfactory?

Il. GENERATION OF THESOLUTION SPACE
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Fig. 2. Effectiveness of different bottleneck indicators.

to incapacitation£™°), and idleness, in this study three bottle- Although each portfolio in Fig. 2 is characterized by a cycle
neck indicators have been used to guide the search processnoé and an investment cost, the performance level achievable
portfolio generation, namely utilization (regular plus incapady a portfolio is not a single value but a range of values.
itation), queuing delay, and remnant capacity)( where the The cycle time as indicated in the figure is conditioned on a

remnant capacity of a tool groupis defined as throughput that is equal to the nominal capacity. As the opera-
1 — pine tion loading is varied, the cycle time will change accordingly.

— 1, for nonbatch tools The cycle time under different throughput rates can be plotted

reg = Pg . in the first quadrant of Euclidean space with two dimensions:

(1= py'°) - MaxBatchSize L for batch tools throughput and cycle time. Fig. 3 shows 20 plotted curves for

p, - MeanBatchSize ’ ) those portfolios of Fig. 2 that are generated using the queuing

Ira\y indicator. Each curve represents the operation options
“a portfolio. These curves will be called option curves and
e space that all option curves lie in, i.e., the two-dimensional
-D) Euclidean space depicted in Fig. 3 will be called the

The remnant capacity indicator has a value greater than or equ
to 1. Itis a concept related to safety capacity buffer and a m
sure for the likelihood of being a bottleneck. (The lower th
value, the more likely.) To compare their effectiveness, the three

oo ; : ; (Rtion space.

indicators have been used in the portfolio planning proced The ab i tall d of di i
(the second stage). Each indicator is used as a strategy to im: € above option curves are aclually composed of discrete

prove the current portfolio. Each strategy leads to a different ints. For convenience, regression analysis is applied to

of portfolios. It should be noted that there are many other pO%Enstrucé ‘?ﬁ ptroxTate optlor; curtye (©C) functpr:s. tlt C.?r? 516
sible strategies. For example, given a current portfdlid’y), Observe at option curve functions are consistent wi €
peuing delay phenomenon of general queuing networks. As

one can use the following cost-based formula to rank all toq] L S . :
the throughput is increased, utilization and cycle time will

groups E'Fy): increase. We have found that the function fam—n - ) =" is

Ratio— CYcleTime(T'P;) — CycleTime(T'Py) a good fit for the OCz). This can be explained by the fact that a
Cos{(T'P;) — Cost(T'F) wafer plant is a large queuing network and in queuing analysis
_ CycleTime(TP;) — CycleTime(T ) the f_orml_JIas (such ag_tha_t of M/M/1) _that relate queuing del_ay,

= Unit Cost of Tool: . service time, and utilization have this general form: queuing

The results of this empirical study are partly shown in Fig. éi.elay: (average service time)/(1-utilization).

Using each indicator, a series of portfolios were generated. In
the figure, each point represents a portfolio for the same nominal .
output level. Points to the lower left can be considered as morePortfolio planning is a multicriteria decision-making task in-
cost effective. Three empirical conclusions can be drawn. Firgglving tradeoffs among investment cost, throughput, and cycle
because the criteria are different, it is not absolute that the sieae. In this section, we will present a methodology for deter-
ries merge to the same portfolio. There is substantial “variationiining the optimal portfolio. While the value of throughput is
between the response surfaces of the solution space. Secosldtively easy to quantify, the benefit of cycle time is somewhat
the queuing delay and remnant capacity indicators are maubjective and is dependent on the business situation. Utility
computation-effective than the utilization indicator. Third, théunction is a method used in economics to express the change
queuing delay indicator is more effective than the remnant da- perceived value that is assigned to goods as its consump-
pacity indicator. tion quantity increases. Goods can be distinguished as regular

A D ECISION MODEL FORPORTFOLIO OPTIMIZATION
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Fig. 3. Option curves in the option space.
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Fig. 4. Utility functions of throughput and cycle time.

goods and nonregular goods. For a rational decision maker, the
total utility will increase as the consumption quantity of reg-
ular goods increases. Regular goods also have the property thez2
their marginal utility decreases with the consumption quantity. s
For portfolio planning, throughput can be regarded as regular 1
goods. In contrast, cycle time is not a regular goods because th 05
total utility decreases as the cycle time increases. .
We use the following functional forms (shown in Fig. 4) to Uo7
model the utility of throughputt) and cycle timeih):

increasong ulilify

Fig. 5. The total utility function and indifference curves.

th
U(th) = f(z) =1—e"*" wherer = a method to determine the value of the weighwill be discussed
. later
. cycle time
U(ct) = g(y) = sin(arccos(b - y)) wherey = ———
RPT h(w, y) = w- f(z) + g(y).

where throughput and cycle time are normalized with respeagsing this representation, each option curve can be represented
to the nominal capacity({;) and the sum of raw processingas a hyper surface in the three-dimensional (3-D) space of
times (RPT). The parameteisandb affect the curvature of the U(th), U(ct), andh(th, ct). Fig. 5 graphs the total utility in the
functions. Due to the physical limit to the throughput for any axis of a 3-D plot for the case af = 2. Each horizontal cross
portfolio, there is an upper boundtoTwo questions have beensection of the response surface represents an indifference curve
designed to aid the assignment of paramedeanadb: 1) What between throughput and cycle time (also shown in the right
is the utility of a throughput that equals 100% of the nominglanel). That is, the total utility of all points on an indifference
capacity? 2) What is the utility of a cycle time that equals 3 &urve (IDC) is the same.
times that of the raw processing time? If the answers are 0.95The optimal portfolio and its optimal operation loading can
and 0.9, respectively, then the corresponding value ahdb be obtained by evaluating the total utility of all points in the op-
will be 2.9957 and 0.1245 (see Fig. 4). tion space, using data of Figs. 3 and 5, as follows. Each option
The total utility functionh(z, y) is defined as the weighted curve is a hyper surface in the 3-D space of Fig. 5. The inter-
sum of functionsf (z) andg(y) using an assigned weight A  section between the hyper surface and the response surface of
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the total utility function is a hyper curve. The optimal operation 107

loading is then the highest point of the hyper curve. This point -
can be conveniently visualized in thewy space as shown in 87 ®
Fig. 6 (for three portfolios). The option curve is convex and the N

indifference curves are concave. Therefore, for each portfolio, 67

there exists a tangential indifference curve that yields the max- ¥

imum total utility. The tangent point is the optimal loading. 41
Alternatively, the optimal loading for each tool portfolio can

be solved mathematically by using the LaGrange multiplier 27

method as follows. The total utility function is regarded as

the objective function to be maximized and the option curve 0757

as a constraint relating throughput and cycle time. For (4),

the objective functiom.(z, y) and the hyper surface for therig. 6. The optimal operation loading.

constraint OCS{, y) are of the forms

We present two numerical examples; one starts with a small

M, y)=w-(1-e ) + sin(arccos(b - ) value ofw and another with a large valuef to layout a frame-

1 . . . .
0CS(z,y) = —— —y. work of analysis. Each example involves a number of iterations
mener to compute the optimal operation loading. The procedure is as
The LaGrange function is(z,y, £) = h(z,y) — £ - follows.

OCS(x, y), wherel is the multiplier. Take the partial deriva- 1) |terationi = 1. Give an arbitrary initial weighty = w .
tive of the L function with respect ta:, y andl, and set the 2) Compute the optimal loadin@; usingw; as input. Cal-

derivatives to zero culate the derivative of the OC &;. Let the derivative be
Caw D;.
Lz, y, {) =w- (1 —1e + sin(arccos b - y)) — ¢ 3) Setwi 1 = (Co/RPT) - (1/Ds),
) <7 — y> 4) If jw; —w;—1]| < &, stop. Otherwise, sét= i + 1 and go
m-n-x to Step 2).
EL(J: y ) =w-a- e — ln -0 1 The results for an initial weight of 1.0 and 8.0 are summa-
oz 77 (m—n-x)? rized in Table I. In both examples, the weight converges to
0 I( 2 — b2y /— 5 a value of approximately 5.29. This convergence value is called
ay Y )=- -0 g2 te= @) the equilibrium weight. Alternatively, the equilibrium weight
9 1 can be derived by adding two more constraints to the LaGrange
ﬁL(x’ y, £) = R —— +y=0. (3) muiltiplier formulation
Because the gradient of an option curve is a monotonicallyw1 _ Co . (i (:n)) 1 _ Co _ (m—mn-x)? @
increasing function of the throughput and that of an indifference RPT \dz RPT n
curve is a decreasing function, it can be easily derived that therew = w; . (5)

is only one optimal solution for each portfolio. . . .
Once the optimal loading is determined for each portfolio, the gn oC functlg'n IS ]fl:onsttructed_?hut offd|ffer_ter.1t Iolr?ld.;?g levels
maximum utility that can be achieved with each portfolio is alsgnd corresponding Tlow times. theretore, it Implcitly repre-

determined. The capital efficiency of a portfolio is defined as ﬂ}seents tradeoffs between marginal throughput and flow time for a

ratio of its maximum utility to its investment cost. The portfolio_u"y loaded plant, given the specified utllity functions. In prac-

with the highest investment efficiency is considered optimal. tical application of this methodology, there could be other con-

. . -
We now return to the issue of setting the weightJsing the st.r?;pnts on ther vatl::etiafr.] For ﬁﬁmﬁlhe iuf cor;stratu:nti 1tl‘r) ter
above procedure, an optimal loading level is determined usiﬁga pose a restriction such that the throughput 1S not greate

a required input of weighty between two utility functions. The than 1.15 times that of nominal capacity. In practical applica-

weight is a subjective judgment of the relative utility betweeﬂon’ the weightu should also be specified. In a business envi-

cycle time and throughput. As shown in Fig. 6, if a Weighlionment that favors throughput to cycle time, one could use a

of 2 is used, the resultant optimal point will be & 0.940 weight greater than the equilibrium weight. In contrast, if one
y = 3.05). 'Ilhe derivative of the OC function at that poir;t iSfavors cycle time to throughput, a smaller weight could be used.

equal to 14.606. Since the derivative can be interpreted as the
relative utility between cycle time and throughput, a logical im-
passe now surfaces. Thatequals to 2 means that the utility of In this section, we describe an application of the above
throughput is twice as important as that of cycle time. That tlecision model. Some modern plants have a twin-plant design.
derivative equals 14.606 means that the utility of throughputTsvo clean rooms are built side by side or stacked up one on
9.28 =Cy - RPT~!-14.606~! = 29000 - 214~! - 14.606~!) top of another to share common utility facilities. In still some
times more important than that of cycle time. In the followingther occasions, plants are close to each other. The bottleneck
we will show the existence of an equilibrium weight that is intools of two plants may not be the same at all times. The
herent to the option curve of each portfolio. proximity of plants allows capacity sharing to take place. If

IV. CAPACITY SHARING AND BACKUP
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TABLE |
CONVERGENCE OF THEWEIGHT REVISION
W1 w2 W3 W4 W5 Wé W13 | W14 | W15 | W16 | W17

Casel| 1.0 13.79 | 3.16 | 7.10 | 450 | 5.80 5.284 | 5.298 | 5.293 | 5291 | 5.292

Case2| 8.0 421 6.03 | 492 | 551 5.17 5296 | 5292 | 5.292 | 5292 | 5.294
tool capacity is shared between plants, the overall performance Cmy:]’: Il With
will be improved. In this section, a novel methodology for . o ve’  borrowed
capacity sharing between plants is described. 2 1A capacity

The solid curve in Fig. 7 is the option curve of a plant. If 7 &
" . ) . .-~ lc

additional capacity of the bottleneck tools is obtained from a P
partner plant, the option curve will shift downward to the right, ~
. . . . > throughput
i.e., the dotted curve. Suppose the current operation loading is oy )

at point O. With the borrowed capacity, either the throughput
could be increased from; to w, (point A), or the cycle time Fig- 7. The effect of capacity sharing.
could be reduced from, or 75 (point C), or any other points on
the dotted curve will be achievable.

Table Il shows the results obtained by applying the above

TABLE 1l
EFFECT OFCAPACITY SHARING

analysis to a set of industry data. It is shown that if 20 h of ca- Point O | Point A | Point C
pacity of the bottleneck tool group is borrowed from the partner Throughput | 29,000 29.052| 29,000
plar;]t, the tlhrqughput \I/éotl)Jld b(caj incrc(jeised b?]/ 52r¥vafersrf)e(; V\I/eek, Cycle time | 883.4 883 .4 873.9
or the cycle time could be reduced by 10 h. This methodology WIP level | 35,583 | 35,647 35,197
provides an objective arbitration for capacity sharing between

plants.
The economic benefit of increased throughput can be com- V. APPLICATION TO CYCLE TIME REDUCTION
puted from the revenue that it brings in and the inventory cost . . . . .
. o 7 .~ "Besides throughput, cycle time is an important metric of
of WIP. From the queuing theory, it is known that a reduction in . L .
] wafer plant performance. Given a tool portfolio, it is desirable
cycle time would affect the level of throughput and WIP. There- . .
; 0 have both high throughput and low cycle time. Unfortunately,
fore, we used an economic model to correlate the econo \ese performance measures tend to conflict with each other
benefit of cycle time to that of throughput and WIP as follow P '

Let (w;, 71) and(w;, ;) be two points in the option space an ecause the operation of a wafer plant is complex and the
v 7 P P P rocess and technology portfolios might undergo significant

wj > w;. The value of cycle time reduction can be COmpmep%anges, the state of its performance might gradually shift

using the following formulas with average asking price (AS . .
of processed wafers, material cost (MC), production cost (P(.t, ward one extreme.or gnother over t IMme. Therfefore, period-
i ' ically the need to reign in the cycle time will arise [9], [11]

and a rate of returny. and projects will need initiating. Like all other projects, cycle
Revenue from throughput: . : . : . . )
time reduction projects will need evaluating for their economic
benefits. The value of cycle time is difficult to assess because it
is really dependent on the level of plant loading. When a plant
is underloaded (compared to its designed capacity), the cycle

R=w-(ASP - PC — MC)-12 (month/yeay

WIP inventory cost: time would be short. The payback of reducing cycle time is
minimal. When a plant is fully loaded, the cycle time is high
WIC=WIP-(MC+££)-r and tends to spike up with disrupting events such as machine
failures and process instability. When throughput is near the
Value of cycle time reduction designed capacity, cycle time is an excellent metric of overall
plant efficiency; the utility of reducing cycle time then becomes
(R —WIC;) — (R; = WIC) significant.
o Ti — T ) The decision model presented in this paper is a suitable

method for the evaluation of cycle time reduction projects. The
Letr = 0.30, ASP = 1800, PC = 1000, andMC = 71.88, procedure is as follows.
the marginal value of cycle time reduction equals to approxi- 1) Construct an option curve of the plant. This can be achieved
mately US $40 000/h. It should be noted that this figure is dby using a simulation program that simulates the operation of
rived from the condition of optimal loading. This informationthe plant. The option curve would be as shown in Fig. 8.
could be used as areference in evaluating projects of cycle time) Analyze the room of improvement of cycle time reduction.
reduction. The current state of the plant operation should be determined.
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A
Cycle
time C [1
T * 0]
(2]
2 PG
| (3]
» Throughput
@r @ [4]
Fig. 8. The room of improvement of cycle time reduction.
(5]

Suppose point C represents the current operation performandél

(w1, 7). Points O and G are two corresponding points on the

option curve. Point G is an ideal goal of cycle time reduction. [7]

The distance between points C and G then is an estimate for the

potential room of improvement. (8]
3) Analyze the economics of cycle time reduction.

[9]
VI. DIScUssION ANDCONCLUSION
This paper describes a methodology for tool portfolio plan{10]
ning, focusing on portfolio optimization and economic analysis
with multiple performance criteria. The proposed procedure cap )
be summarized as follows.

1) Assign a value to the parametersand b of the utility
functionsf(z) andg(y), respectively.

2) Generate a number of efficient portfolios.

3) Find a fitting function for each portfolio and determine
the parameters: andn of the option curves.

4) For each portfolio, solve for the equilibrium weightand
the optimal loading level.

5) Determine the optimal portfolio using the capital effi-
ciency criteria.

[12]

(23]

(14]
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