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ABSTRACT 

The production of Integrated Circuits (IC) is a detailed and exacting process 
requiring tight specifications and precise equipment. The high cost and unique 
traits of this equipment requires high utilization and maximum throughput to 
achieve real profits. The design of fabrication facility (FAB) processes requires 
a thorough understanding of the adverse effects that random machine 
availability has on system performance. These effects (increased cycle time, 
decreased and variable throughput, etc) can be offset by tool group flexibility. 
Tool group flexibility can be described by two measures: machine flexibility 
(the number of tasks a machine can perform) and task flexibility (the number of 
machines qualified to perform a specific task). These two measures are related 
by the ratio of the number of machines in the tool group to the number of tasks 
that the group must perform. This paper utilizes a combined linear programming 
and simulation approach in an attempt to model the manufacturing system to 
gain insight into the production dynamics. The model is based on current 
production methodology and the use of modular equipment (steppers). The 
results include some insight into the added cost of flexibility and the associated 
production ramifications. 

Keywords: Linear Programming (LP), Simulation, Integrated Circuit, 
Fabrication, Re-entrant systems, modeling, semiconductor, machine flexibility 
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Introduction 

IC manufacturing processes can be divided into four main steps: wafer 
fabrication, wafer probe, assembly, and final testing. Wafer manufacturing 
primarily deals with taking polished silicon wafers (up to 300 mm in diameter) 
and fabricating a grid of hundreds of individual dies (IC) on the wafer surface. 
Each wafer is cut into the individual die and tested electrically by means of thin 
probes. Assembly involves placing the IC into protective plastic or ceramic 
packaging. The product is then sent to final testing to ensure the customers 
receive a product that meets specifications. 

Fabrication is by far the most challenging step in IC manufacturing, and 
more advanced IC products (such as microprocessors) often require a 
complicated combination of hundreds of individual processes to produce a 
finished fabricated wafer. However, all of these wafer fabrication steps can be 
summarized by five main operations, namely, Layering, Patterning, Planarization, 
Doping, and Heat Treating [1]. These five main operations create patterned 
layers on a silicon wafer. Initial layers are patterned to form the transistor on the 
wafer surface, and then subsequent layers are patterned to form the circuitry 
that connects the transistors. The completed product often requires more than 
20 patterned layers. Currently, one of the main technological constraints in 
semiconductor fabrication is lithography. Although the principle behind 
lithography is simple, it is difficult to effectively perform on a sub-micron scale. 
Consequently, very expensive stepper machines are required to do the 
lithography tasks. 

Given the challenges of semiconductor fabrication, a significant amount of 
effort is required to develop and continuously improve fabrication technologies 
and facilities. A semiconductor manufacturer will invest large amounts of capital 
and employ a sizeable workforce to profitably fabricate wafers. Each new FAB 
can cost in excess of $2 Billion, with over 80% of the total FAB construction 
costs attributed to equipment [3]. As the investment required to fabricate wafers 
increases (and the ratio of fixed costs to variable costs of producing wafers 
increases), the impact of properly managing FAB capacity becomes increasingly 
important and contributes directly to the financial bottom line. 

While this environment creates significant pressure for FABs to operate at 
maximum capacity, the dangers of overloading a system are well known. In the 
short life cycle of processors, long cycle times and missed due dates from 
improper management of FAB capacity can result in significant losses. In 
addition to longer-range capacity planning, shorter-term scheduling on a daily 
or weekly basis adds an additional level of complexity in keeping the FAB 
output optimal. Operational decisions regarding the quantity and timing of new 
wafers into the FAB (wafer release policies) and how to control the resources 
and wafers currently in the FAB (resource scheduling) are extremely complex. 
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There are a number of characteristics in semiconductor manufacturing that 
make capacity planning and scheduling difficult [4]. In particular: 

• Complex and Re-entrant Product Flows: Wafers will return to the same group 
of machines several times throughout production, resulting in re-entrant 
process flow. Wafers that are at different production stages compete for 
service from the same group of machines. 

• Unreliable Equipment: Most critical equipment is extremely sensitive and 
subject to random failures and unpredictable performance, despite extensive 
calibration and maintenance routines. 

Quality issues can have a dramatic affect on capacity planning. The quality 
of finished wafers is largely dependent on the die yield (the number of dies on 
the wafer that work), and the performance of those dies. Variations in production 
quality cause some dies to perform better than others, while some dies are 
entirely dysfunctional. 

Frequent testing is essential due to the extremely precise processing 
requirements and exceptionally long production time (it will often take several 
weeks for a wafer to complete fabrication). Line yield is a measure of the number 
of wafers that complete processing vs. the number that started. Rework, line 
yield, and die yield can significantly alter the capacity requirements within the 
FAB. Therefore, the real throughput of the FAB is determined by the number of 
dies that meet performance requirements in addition to the number of wafers 
that are finished: 

IThroughput = (Wafer Starts) (Line Yield) (Die Yield) 

An important process variation issue in the lithography tool group is 
eliminated by stepper-wafer dedication. Stepper-wafer dedication requires a wafer 
to be processed by the same stepper each time it returns for a lithography 
patterning operation. The precision required by the IC design exposes a consistent 
but specific pattern distortion "signature" that each stepper leaves on the layer. 
In order to match the next layer correctly over the previous, the layer must be 
patterned by the same stepper so that consistent pattern distortion occurs [5]. 

Steppers have other relevant issues in capacity planning. First, stepper 
availability is extremely important. The complexity of the steppers make them 
susceptible to failure, necessitating an extensive maintenance and calibration 
schedule. The frequency and duration of failures and duration of scheduled 
downtimes are unpredictable and can significantly reduce potential capacity. 

Inefficiencies in the stepper tool group translate into decreased FAB 
performance. Understanding the adverse effects that random machine availability 
has on system performance is essential. The main effects that will be considered 
in this paper are: 

• Decreased Throughput - Stepper tool group capacity is underutilized every 
time a stepper goes idle while WIP piles up in front of a failed stepper. 
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Workload imbalances within the stepper tool group can cause a single layer 
to become the constraint in the tool group. Throughput is maximized in a 
balanced tool group. 

• Increased Cycle Time - Whenever a wafer lot waits to be processed, the 
cycle time and the amount of work in process (WIP) in the system increases. 

• Increased Variability in Throughput - Although a FAB may perform to 
goals on a long-term average, variability in throughput (and cycle time) on 
a week-to-week basis is detrimental. FABs often operate on a weekly 
shipment schedule, and meeting customer expectations is paramount. 

Flexibility is an ambiguous term that can have a number of different 
definitions and interpretations [6]. This study defines tool group flexibility with 
two measures: Machine (stepper) flexibility and task (layer) flexibility. Machine 
flexibility is defined as the number of tasks each machine can perform. In 
lithography terms, stepper flexibility is the number of layers that a stepper is 
qualified to process (layers per stepper, or LS). As the LS for each stepper is 
increased, the following associations can be assumed: 

• Higher Quality: A high LS ratio does not guarantee higher quality, and 
stepper-wafer dedication is impossible without being qualified for all of the 
critical layers. 

• Higher Cost/Complexity: Qualifying a machine to process additional layers 
requires routine maintenance, increased complexity in scheduling and 
coordination, and requires additional reticles to be bought and managed. 

• Better Line Balance and Higher Stepper Utilization: A higher LS increases 
the ability of a stepper to switch from one layer to another depending on 
WIP levels. 

Task flexibility is defined as the number of machines that can perform each 
individual task. In lithography terms, layer flexibility is the number of steppers 
that are qualified to process each layer (steppers per layer, or SL). As the SL for 
each layer is increased there will be higher potential capacity for the layer at any 
given time. A higher SL means that more machines will be qualified to process 
the layer. 

The relationship between stepper and layer flexibility depends on the ratio 
of number of steppers (N) to number of layers (M) such that LS = SL/(N/M). If 
the number of steppers and tasks within the tool group are fixed, then the tool 
group flexibility is defined as the number of layers each tool is assigned (qualified) 
to process. 

For example, for a tool group with 5 steppers and 10 layers, the N/M ratio 
= 0.5. In the minimal flexibility case, each layer would be qualified to be 
processed on 1 stepper, sharing stepper capacity with another layer. Therefore, 
SL = 1 and LS = 2. If a stepper failed, the queues for both layers would 
continue to build until the stepper became available again. However, by 
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increasing layer flexibility to SL = 2 (qualifying another stepper to be able to 
process these layers) the queue buildup could be averted. When one stepper 
fails for a prolonged period, the second stepper could switch from processing 
the downstream layers to the upstream layer instead of going idle while waiting 
for upstream wafers to be processed. 

This paper focuses on developing an approach to answering a basic capacity 
planning issue for the lithography tool group: given a certain number of steppers 
and layers (machines and tasks), which steppers should be qualified to process 
which layers? 

A fundamental aspect is to understand the effects that stepper availability 
and tool group flexibility have on the key FAB performance metrics. Therefore, 
the purpose of this paper is to develop a methodology for determining an 
optimal level of tool group flexibility. Ultimately, the methodology should 
quantitatively establish the relationship between FAB performance and different 
levels of tool group flexibility. These results can then be used to make educated 
flexibility/dedication decisions as additional costs are weighed against 
increasing corresponding FAB throughput and cycle time performance. 

To achieve this objective, the four main goals of this study are: 

• Create a deterministic linear programming (LP) model that provides stepper-
layer qualification assignments to maximize throughput. 

• Create a simulation that tests the LP solution under a stochastic environment. 
• Develop an algorithm that integrates the LP and Simulation tools, providing 

a standard method of evaluating the relationship between FAB performance 
and different levels of tool group flexibility. 

• Test and verify the methodology with a simplified representation of a 
lithography tool group. 

Literature Review 

Fowler et al. [7] uses a simulation-based analysis to examine cycle-time in an 
existing semiconductor FAB with the goal of finding potential areas for 
improvement. The major finding of their research, though not explicitly explored, 
suggests that increased tool flexibility could significantly improve FAB 
performance. Hase et al [8] provide an excellent analysis of five different machine 
layout/dedication policies and their effect on cycle time. Peikert et al. [10] 
demonstrate the method of simulating just the lithography tool group in a 
semiconductor FAB to rapidly model the effects of lithography operational 
decisions. Kumar [2] discusses re-entrant lines in queuing network terms and 
emphasizes the importance of considering machine failures and setup times. 

Benjaafar and Gupta [14] explore workload allocation to minimize work in 
process (WIP) while considering setup costs. Leachman and Carmon [15] study 
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resource sharing between different operations, emphasizing task performance 
differences between machine types. Rohan [16] develops a workload allocation 
algorithm that allocates resources to tasks in order to predict utilizations. Rohan 
[17] explores the two extremes of entirely flexible tool groups or entirely dedicated 
tool groups and the decision criteria on choosing between the two. He proposes 
that dedication decisions can be based on two ratios: the magnitude of setup time 
relative to process time and the N/M (number of machines/number of tasks) ratio. 

This research is unique in that it develops a methodology of determining 
an appropriate level of tool group flexibility on a machine-task level. The 
methodology addresses the characteristics of re-entrant flow and the lithography 
stepper group. Previous work has addressed various aspects of flexibility on 
this level of detail, but does not incorporate re-entrant flow and lithography 
tool group considerations. 

Model Formulation 

In the scenario that prompted this study, the high-volume capacity of the 
lithography tool group for a new FAB is being planned. The total number of 
steppers that will be used in the group has already been determined by 
preliminary capacity planning calculations and is assumed fixed. Floor space 
constraints, high stepper costs, and long delivery lead times for extra steppers 
ensure the validity of this assumption for the near-term. All other wafer fabrication 
operations are assumed to have excess capacity so that stepper capacity is the 
process constraint. 

The FAB is modeled as a series of specific operations separated by transfer 
times. The operations of concern are the lithography patterning steps required 
for each layer. The transfer times account for all other wafer processing that 
takes place in between lithography patterning steps (doping, heat treating, 
testing, etc). Reducing the majority of FAB operations to transfer times is 
possible since all other activities outside of lithography only increase the overall 
time a wafer spends in the system, rather than actually constraining capacity. 

Assuming an initial model of only one product, all of the wafers follow 
the same fixed sequence of operations. Wafer layers are classified as front-
end (FE) layers and back-end (BE) layers. FE layers create the transistor 
features on the wafer substrate, while BE layers form the metal circuitry that 
connects the transistors. The wafer process flow is to go through the FE 
layers first, and then the BE. 

Inputs 

Lot Size (L - number of wafers): Wafers fabricated in groups of 25, which make up 
a lot. The number of wafers per lot is assumed constant for all lots. 
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Batch Size (B - number of lots): Lots are often "cascaded" or processed 
sequentially in batches to minimize idle and setup time between lots. All of the 
lots within a batch must require the same operation. 

Line Yield (p): Wafer losses are assumed to be uniformly distributed over all 
operations, requiring fewer wafers to be processed at each subsequent step. Line 
yield is modeled due to its direct impact on processing capacity and simple 
integration. Die yield is a function of processing and is not included in this model. 

Number of Layers (M): Specifically, the number of front-end (MFE) and 
back-end (MBE) layers that are patterned on the wafer surface. 

Number of steppers (N) 
Run Rates (RR - wafers/hour): A run rate is required for each layer type, 

which designates the amount of wafers that can be processed in an hour. Run 
rates represent raw processing time only (not including setup or calibration) 

Qualification Time (QT - hrs/week): Each week this specified amount of time 
is required to qualify a stepper to be able to process a specific layer. This value 
represents the fixed costs of stepper flexibility by reducing processing capacity. 

Maintenance/Setup Time (MT - hrs/event): After a stepper processes a 
batch, maintenance and calibration activities are required. This value also 
represents the setup time required as a stepper switches from processing one 
layer to another. 

Failure Time (CO - %): The average percentage of time each week that a 
stepper is unavailable due to random failures. 1- is equivalent to the average 
percentage of time each week that a stepper is available for production activities. 

Minimum Idle Time (8 - %): The minimum percentage of time each week 
that a stepper must be idle. This control variable limits the capacity of each 
stepper and is useful for modeling various levels of stepper utilization. 

Constraints 

Balanced Weekly Production: Sufficient stepper capacity must be allocated to 
each layer to balance weekly production. 

Copper Segregation: Some of the back-end processes use copper, which is 
extremely mobile and easily damages the electrical properties of the semiconductor 
transistors that are fabricated during front-end operations. 

Therefore, to prevent copper contamination in the FE operations, if a stepper 
has been assigned to a front-end (FE) layer, it can only process other FE layers. 

Flexibility Requirements: In order to test various flexibility arrangements, 
minimum (or maximum) tool group flexibility requirements can be made. 

Minimum number of Steppers per Layer (SLmin) provides a lower bound on 
the number of steppers that are required to be qualified to process a layer. 

Minimum/Maximum number of Layers per Stepper (LS^ and LSmax) provides 
a lower or upper bound on the number of layers that a specific stepper must be 
qualified to process. 
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Average number of Steppers per Layer (RSLav) provides a strict constraint 
on the average SL for the entire tool group, as an alternative to individual min or 
max flexibility requirements. 

The main model assumptions are: 

• The total number of steppers is fixed. 
• All other wafer fabrication operations have excess capacity. 
• Only one product flow is considered. 
• All steppers have equal processing capabilities (homogeneous tool group). 
• Line Yield (but not die yield) is considered, and wafer losses are linearly 

distributed over all of the layers. 

LP Formulation 

A decomposition method was developed which makes general preliminary 
stepper allocations to the FE or BE operations [18]. This allows the LP to be 
separated into FE and BE problems, and with an iterative process the optimal 
number of FE and BE steppers are determined that maximizes total tool group 
throughput. 

Decision Variables 

Three types of decision variables are used: 

WS = Wafer starts per week; the amount of wafers that begin processing 
each week. 
X.. = the fraction of time that stepper S. dedicates to producing layer L. (does 
not include setup, maintenance, or qualification), 
i = l , . . . , M , j = l, . . . ,N. 
Z.. = a binary variable which indicates the assignment of stepper S. capacity 
to layer L , i= l , . . . ,M , j = l , . . .,N.Z.. = {1 if X..> 0,0 otherwise} 
For example: 

L, 

L 
1 

h> 

s, 
x„ 
x* 
: 

X M 1 

... 

xl2 
\ 

... 

s 
J 

... 

... 

X. 
y 

« 

^ j 

... 

... 

s N 
X 1 N 

• 

lN | 

• 
X 1 

MN 

Wherei = l,2, ...,Mandj = l,2, ...,N 
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Calculated Values 

N 

APL. = actual production for layer L. (wafers/day) = 
7=1 

M 

LS = thenumberoflayersstepperSisqualifiedtoprocess^Z, 
J J 1=1 

logp 
YFL = Yield per layer (%) = i n M-I 

RPL = required production for layer L. (wafers/day) = WS( YPL)1 ~l 

N 

SL = the number of steppers qualified to process layer L = Za u 
1 i=i 

M N 

SLav = the average number of stepper qualifications per layer = j=i ;=i 

M 
Us = fraction of time each week that stepper S is utilized, including setups, 

maintenance, and qualification requirements. 
( ( 

= h{i B(L) )+ 168 
U = the maximum fraction of time each week that a stepper can be utilized. 

maX = 1-C0-8 

Objective Function 

The goal of the LP is to allocate steppers to layers in an arrangement that 
maximizes the throughput of the tool group. Utilization and flexibility constraints 
can then be adjusted to provide optimal solutions for a range of system scenarios. 
In this model, throughput (or output) is equal to WS * (p). Since is a constant: 

Objective Function = Maximize WS 

Constraints 

The calculated values are used to form the following constraints: 

Allocated stepper capacity must be greater than or equal to the required 
production for each week (168 hours). 
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APL^RPL ^168( / ? / ? L / )X^> WS(YPL)1-1 

A stepper has limited capacity and cannot be utilized more than the max utiUzation 
requirement: 

u S j <u m a x ^ 
ti{ \ B(L) J 168 

< l -co-8 

If flexibility constraints are set, the following constraints ensure they are 
not exceeded: 

M 

Xz»> L S > L S - ^ Za^ij > LS 
1— mini ^ ^ J — m , n 

!' = 1 

M 

Xz,< L S < L S ->Z**'ij<VS 
j — maxj mmm J — max j 

1=1 

M N 

SEZ, 
SL =RSL -^> -£Lt± = RSL 

avg avg avg 

M 

S L > S L -+L*Zii > SL 
i — mini . - — mini 

7 = 1 

Furthermore, 
Z > X 

i j — y 

Z is binary 
WS,X..,Z i j>Oforalli=l,...,Mandj = l,...,N 

Model Size and Solver Performance 

The decomposed LP proved easy to solve over a wide range of inputs. By 
dealing only with the FE or BE allocations, the number of integer constraints was 
kept to a minimum. Table 1 shows the problem size, which is dependent on the 
number of layers (M) and number of steppers (N). 
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Table 1: Decomposed LP Problem Size 

Decision Variables 

Binary MN 
Continuous MN+1 

Total Variables = 2MN + 1 

Constraints 

APLi >RPLi M 
USj < Umax N 
LSj>LSminj N 
LSj < LS max j N 
SL =RSL 1 

avg avg 

SLi>SLmini M 
Zij>Xij MN 

Total Constraints = MN + 3N + 2M + 1 

For example, a high-volume FAB with a FE tool group of 20 steppers and 15 
layers corresponds to the following LP size: 

M=15,N = 20 
Total Variables = 601 (Binary = 300; Continuous = 301) 
Total Constraints = 391 

It is also important to note that due to the inherent nature of this type of 
allocation problem, the LP generates multiple optimal solutions for any set of 
parameters. Some of the solutions are essentially identical, but each solution 
must be interpreted to ensure that the appropriate constraints are being 
considered. 

Simulation Development 

The LP model allocates steppers using static, average inputs and does not take 
into account the dynamics of the everyday randomness inherent in the 
lithography tool group. Simulation is necessary in order to begin to understand 
the real influence that flexibility has on FAB performance. By simulating the 
tool group using the same basic parameters and approach as with the LP, an 
equivalent model was generated that allows inputs to be varied under random 
distributions. The simulation can then test the LP solutions generated for each 
set of flexibility constraints, relating flexibility to the key performance metrics of 
throughput and cycle time. 

The main stochastic parameters to be modeled by the simulation are: 

• Exponential Mean Time Between Failures (MTBF) and a triangularly 
distributed average Time Down (TD) equate to the average % of failure time 
(CO) used in the LP, according to the equation: 
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MTBF 
1 - C D = 

MTBF + TD 
Exponential mean time between failures is a common distribution for 
modeling machine failures [20]. 

• A triangular distribution (min, mean, max) was used to model transfer times 
between patterning operations. A triangular distribution for failure times 
was chosen because of its simplicity in matching general expectations of 
tool performance. 

Without variation in transfer times, the discrete WIP re-entrant flow would 
feed directly from one layer to the next. These two parameters (stepper availability 
and wafer arrivals) are the fundamental sources of variability within the stepper 
tool group. In addition to these two random variables, several other inputs are 
required [21]. Table 2 lists these inputs and provides a definition for their use in 
the simulation. The simulation model used for this study mimics the LP test 
scenario of 4 steppers and 4 layers. However, the simulation can easily be 
scaled to full tool group size as time and computer capabilities permit [17,20]. 

Table 2: Definitions of Simulation Model Inputs 

Input 

Number of Replications 
Length of Replication (hrs) 
Warm up Period (hrs) 
Time Between Arrivals 

(TBArriv - hrs) 
Batch Size (lots) 

' Batch Process Time(hrs) 

Switch Setup Time (hrs) 

Qual Time/week 
(QT - hrs) 

P (number batches) 

Batch Setup Time 
(MT - hrs) 

Downtime Time (hrs) 
Time Between 
Downtimes (hrs) 

Transfer Time (hrs) 

Definition 

The number of times that a simulation scenario is repeated. 
The length of time that data is collected during each replication. 
The length of time a replication is run before data is collected. 
The length of time between each new batch release into 
the FAB. TBArriv = L * B * 168 / WS 
The number of lots in each batch. 
This value is reduced as the number of wafers in each lot 
decreases due to YPL. 
Required when a stepper switches processing from one 
layer to another. 
The amount of qualification time a stepper must spend 
each week for each layer it is qualified to process. ! 
The scheduling algorithm factor for the required 
difference in queue size (number batches) before layer 
priorities are switched. 
The length of time required for maintenance/calibration 
before a batch can be processed. 
The length of time a stepper is down when a failure occurs. 
The length of time between each failure. 

The length of time it takes a batch to travel from one 
layer to the next. 
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A basic scheduling policy was used to balance WIP between each layer. The 
algorithm for this "Largest Queue Rule" is as follows: 

• If a wafer lot arrives at a queue and one stepper is available (and qualified to 
process it), then the stepper will process the wafer lot. 

• If a wafer lot arrives at a queue and multiple steppers are available and 
qualified, then the lot will be processed on the stepper that is highest in its 
pre-determined preferred order. This order is set to maximize stepper-layer 
dedication. 

• If a lot arrives at a queue, all steppers are busy, and multiple lots are waiting 
to be processed, then when a stepper becomes available the lot in the 
highest priority queue is processed first. In a tie, the lot with the longest 
queue time has priority. 

Layer priorities are determined when a stepper processes a wafer lot. If the 
largest queue (Qmax) is P larger than the one the wafer just left (Qlast), then Qmax is 
assigned a priority of 1. Qlastis then assigned a lower priority of 2 if: 

Q, > = Q -1.5*P 
^-last ^-max 

Otherwise, it is assigned the lowest priority of 3. 
The effectiveness of the "Longest Queue Time" rule depends on the value 

of P and the dynamics of the system. Research has shown that when the steppers 
consistently process maximum batch sizes then relaxing a setup-avoidance 
scheduling policy can actually improve FAB performance [10]. This should be 
further evaluated in subsequent research. 

The key to obtaining useful results from linear programming and simulation is 
to use both tools simultaneously. The following 9-step methodology decomposes 
the stepper tool group into FE and BE steppers, solves each LP to form a total 
solution, and then simulates the solution to obtain performance metrics: 

Steps 1 to 4 - Preliminary Calculations: to determine the number of FE and BE 
steppers to be used for the decomposed LP. 

1. The following inputs are required: 

2. Calculate 

Let RR 

MFE,MBE(MFE+MBE = M) 
N 

P ' P F E 

RRPE'RRBE 
CO 

WS and set WS .. = WS : 
max prehm max 

max=maximum {RR_, RR_C } 

8 
MT 
QT 
B 
L 

RRmm=minimum {RRpg, RRBE} 
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WS = 
max 

leSNCRR^ Xl -co-8 ) - QT(N)(RR „,„) 

1 B(L) 

3. Use WS to calculate N and N and round up to the next integer: 
prelim 

RPL; 

NFE = 
1 6 8 ( 1 - c o - 5 ) - Q T 

M 

XRPL i 

RR 
1 MT 

• + • 
FE B(L) 

NBE = i=MF E+l 

1 6 8 ( 1 - c o - 8 ) - Q T RR 

1 MT 
• + -

BE B(L) 

4. Check WS ,. feasibility: 
Drehm J prelim 

If N ra + NBE > N, then set WSprelim = WSpreUm * (0.99), and repeat at step 3. 
0.99 is a subjective decrementing value and can be increased or decreased to 
refine the change in WS ,. between iterations. 

° prelim 

If Npg + NBE < N then continue to 5. 

Steps 5 to 7 - LP Solution: to solve FE, BE stepper allocations and obtain optimal 
total solution. N^ is adjusted (incremented or decremented) to balance capacity 
between FE and BE tool groups. 

5. Solve FE LP using N ^ to find WS. 

6. Solve BE LP using NBE = N - N ^ to find WSBE. 

7. If WS(pra) > WSBE then set N r e = N re - 1 and repeat at step 5. 
If WS(pFE) < WSBE then set N ra = N ^ + 1 and repeat at step 5. 
If WS(p r a)« WSBE then continue to 8. 

Steps 8 and 9 - Simulation: to stochastically model the LP solutions and obtain 
FAB performance metrics. 

8. Using LP solution of stepper-layer assignments, run the simulation to obtain 
performance metrics: 

Throughput = Batches Out/Batches Started for simulated period 
Cycle Time = Avg CT/Base CT 
Throughput Variability = CT and Outs Range 
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9. Set new SL and LS flexibility constraints and repeat at 5. Continue iteration 
over desired range of flexibility constraints to obtain performance curve. 

Results and Discussion 

A baseline scenario was used for testing and validating the LP and Simulation 
methodology. The data used in this baseline case is listed in Table 3 and Table 
4. These input values are selected based on commonly observed values 
experienced in a particular FAB lithography tool group. 

Table 3: Baseline LP Input Values 

LP Model Inputs 

A . 
CO 

5 
B 
L 
LS and SL min, max 

Baseline Value 

0 Wafers 
20% 
5% 
4 Lots 
25 Wafers 
Variable 

LP Model Inputs 

P 
M 
N 
MT 
QT 
RR 

Baseline Value 

90% 
4 Layers | 
4 Steppers 
0.5 hours 
1.5 hours 
30Wafers/hr | 

Table 4: Baseline Simulation Input Values 

Simulation Inputs 

Number of Replications 
Length of Replication (hours) 
Warm up Period (hours) 
Time Between Arrivals (TBArriv) 
Batch Process Time for Layer 1 (hrs) 
Batch Process Time for Layer 2 (hrs) 
Batch Process Time for Layer 3 (hrs) 
Batch Process Time for Layer 4 (hrs) 
Switch Setup Time (hrs) 
Stepper and Layer Flexibility (SL & LS) 
P (number batches) 
Downtime Time (TS - hrs) 
Time Between Downtimes (MTBF - hrs) 
Transfer Time (hrs) 

Baseline Value 

15 
720 
3000 
Variable 
3.33 
3.22 
3.11 
3.00 
0.5 
LP Input 
3 
Triangular (4,12,20) 
Exponential (48) 
Triangular (5,10,15) 
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Using the valups in Table 4, the LP generates stepper-layer qualifications 
for average SL = 1,1.5, 2, 3, and 4 levels of flexibility, with SL = LS (all of the 
steppers and layers are equally flexible). For the SL = 1.5 arrangement, the LP 
assigns SL = 2 to layers 1 and 2, and SL = 1 to layers 3 and 4 to make the average 
SL = 1.5. The line yield assumption causes layer 1 to require the most capacity 
and layer 4 require the least, and so the LP balances the line by assigning more 
capacity to lower numbered layers. 

Flexibility and FAB Performance 

An important measure of cycle time is the cycle time ratio (CTR, also known as 
the multiplier of theoretical cycle time) [7, 11]. CTR is the ratio of the average 
cycle time of a batch to the base cycle time. Base cycle time is defined as the 
average cycle time with no waiting. Figure 1 shows the CTR as each flexibility 
level is simulated under a range of WS loadings. The LP maximum WS results for 
0% and 15% idle times are also shown in Figure 9 as the vertical dotted lines. 

2750 2850 2950 3050 3150 3250 3350 3450 3550 3650 

WS 
Figure 1: CTR per WS and Flexibility Level. These Simulation Results Show 

the CTR for Each Level of SL Flexibility Over a Range of WS Values. The 
Vertical Dotted Lines Show the Corresponding LP Maximum WS Results for 

0% and 15% Stepper Idle Times. 

Figure 1 clearly shows a significant decrease in CTR as flexibility is 
introduced into the tool group at any WS level. This is consistent with results 
of [8] and [17]. However, an important additional insight is that flexibility does 
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not always increase the CTR at each WS level. At lower WS levels (and 
correspondingly lower stepper utilization), the biggest gain in CTR reduction is 
achieved by increasing flexibility to SL = 2. Additional flexibility does not yield 
significant improvements in the CTR. In fact, at higher WS levels (higher tool 
utilization) stepper tool groups with SL = 3 or 4 perform worse than the tool 
group with SL = 2. This decrease in performance is because the extra flexibility 
at these levels does not justify the extra setup and qualification capacity costs. 
At lower WS levels the added capacity costs of flexibility (QT and ST) are 
absorbed by idle time. As WS is increased, idle time decreases, until eventually 
the capacity costs of added flexibility use all of the available idle time. 

Another important result shown in Figure 1 is that at lower WS (lower tool 
utilization) the benefits from flexibility are less significant than at higher WS. For 
example, at WS = 2900, average idle time =15% and increasing SL from 1 to 2 
decreases CTR from 1.55 to 1.2 (a change of 0.35). But at WS = 3450, average idle 
time = 4% and the same increase in SL decreases CTR from 3.5 to 1.5 (a change 
of 2.0)! This demonstrates the significant CTR benefits that an appropriate level 
of flexibility (in this case, SL = 2) can have when tools are utilized at high levels. 

The dotted vertical LP optimal lines in Figure 1 provide additional insight. 
For comparison purposes, the LP was solved using a range of idle time (8) 
minimum requirements. The 8 = 0% and 15% lines are shown, and both were 
optimal for a flexibility of SL = 1.5. The 8 = 0% line is interpreted as the maximum 
feasible WS that the stepper tool group can maintain given the specified 
parameters. The SL = 2 level of flexibility comes close to this maximum WS at a 
low CTR. This shows that SL = 2 flexibility easily compensates the random 
availability of the steppers and the randomness in arrivals (transfer times). 
Although this system is not as complex or variable as full-sized tool group, 
these results reveal an important potential benefit of increasing flexibility from 
a SL =1 (totally dedicated) scenario or decreasing flexibility from a SL = 4 
(totally flexible) scenario. 

Flexibility and Throughput 

Flexibility increases tool group capacity by allowing machine capacity to be 
more evenly distributed among all of the tasks the tool group must perform. 
Cycle-time (CT) constrained throughput is the maximum amount of throughput 
that a system can provide given a specified average cycle time, and is an 
excellent metric for measuring the throughput impact of different flexibility 
arrangements [7], From the simulation results outlined above, Figure 2 shows 
the CT-constrained throughput in terms of WS for cycle times of 1.5,2, and 3. 
This method of representing the results shows throughput gains by increasing 
flexibility to the optimal level of SL = 2, and then deteriorating capacity as it is 
increased beyond that point (due to increased setup and qualification 
requirements). 
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Flexibility (SL) 

Figure 2: CT-Constrained Throughput. WS Values are Shown at Different 
Levels of SL Flexibility and CT Constraints. The Optimal Flexibility 

Arrangement of SL = 2 is Highlighted. 

Flexibility and Throughput/CT Variability 

The variability of fabricated wafer output can be another critical measure of 
FAB performance since production is often geared towards weekly customer 
commitments. Results show that increased flexibility can correspond to less 
variable output, but at high levels of utilization, too much flexibility can actually 
increase variability. As a first cut estimation of variability, the range of the 
average monthly CTR was calculated using 15 independent simulations. Figure 
3 shows the correlation that increasing stepper group flexibility (at least to SL 
= 2) significantly decreases variability, while increasing flexibility to SL = 3 
and 4 increases variability at higher WS levels. For clarity, SL = 4 is not shown 
on the graph. A more thorough analysis of throughput variability is warranted 
for a complete analysis of tool group flexibility. For example, cycle time 
standard deviation of weekly throughput statistics is an excellent measure of 
variability [11]. 

A consistent result demonstrated by both Figure 1 and Figure 3 is that 
the benefits of the right level of tool group flexibility are largest at high tool 
utilization (high WS values). By the performance metrics of CTR and CTR 
Range, SL = 2 is clearly the best arrangement when tool utilization is maximized. 
As idle time increases, the difference in performance between the flexibility 
arrangements is less clear. However, the stepper tool group usually experiences 
high utilization because it is the process constraint. Therefore, the optimal 
level of flexibility can be clearly identified using this combined LP/simulation 
methodology. 
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2750 2950 3150 3350 3550 

WS 

Figure 3: Range of Average CTR. The Range of CTR (Max CTR - Min CTR) 
for Each Set of Simulation Experiments is Plotted per WS and Flexibility Level. 

SL = 4 is not Shown for Clarity. 

Failure/Downtime Frequency (MTBF) and Downtime Duration (TD) 

Figure 4 shows the simulation results as MTBF is increased to 96 hours and 
decreased to 24 hours from the baseline scenario of 48 hours. TD is also adjusted 
according to the relationship: 

1 _ MTBF 
1 ~~ © — TTZZ^z z z r so that all cases have the same long-term availability 

MTBF + TD 
of 80% ( = 20%). 

When compared to Figure 1, the sensitivity analysis results in Figure 4 
show that as MTBF is increased (indicated by the bold lines) the SL = 1 tool 
group arrangement performs much worse. The SL = 2 and 3 arrangements are 
much more robust, but still increase in CTR from about 1.3 to 1.5 at WS = 3350. 
Alternatively, as MTBF is decreased, the SL = 1 tool group arrangement performs 
much closer to the other flexibility arrangements than in the baseline scenario. 
This illustrates that the less flexible arrangement is much more sensitive to 
changes in MTBF availability approximations, and is much more susceptible to 
uncertain stepper availability. 

At a constant long-run average failure time percentage (CO), if MTBF 
decreases then TD becomes shorter (more frequent, shorter failures). When 
failures are consistent, frequent, and shorter, the need for flexibility to maintain 
a given CTR is reduced. On the other hand, as MTBF increases then TD becomes 
longer for a given value of CO, and failures become more variable, less frequent, 
and longer. Without a change in flexibility, the CT for a given level of throughput 
increases dramatically with increased MTBF, as queues become much larger 
while waiting for tools to become available. 
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Figure 4: CTR and Flexibility for High/Low MTBF. This Sensitivity Analysis 
Shows the CTR When MTBF is Changed to a High Value of 96 Hours and a 
Low Value of 24 Hours from the Baseline of 48 Hours. = 20% for All Cases. 

Qualification and Setup Time 

Qualification and setup times are the model parameters that define the capacity 
costs of flexibility. Qualification time (QT) essentially associates a fixed stepper 
capacity cost with increased flexibility. As QT becomes large, the tool groups 
with high levels of flexibility have significant reductions in available 
processing capacity, while the SL = 1 arrangement is minimally affected. A 
simulation sensitivity analysis was conducted by changing QT is changed to 
a high value of 3 hours per week and a low value of 0.5 hours per week from 
the baseline value of 1.5 hours. 

The results of the analysis show while SL = 1 performance changes 
minimally with QT changes, the SL = 3 CTR performance changes dramatically. 
In the low QT scenario, the CTR for SL = 3 stays low (< 1.5) until WS exceeds 
3540. In the high QT scenario, the CTR for SL = 3 quickly exceeds 1.5 as WS 
increase past 3350. Alternatively, SL = 2 proves to have superior CTR 
performance under the high QT scenario and at high WS values. In the low 
QT scenario, it is essentially equivalent to the higher flexibility arrangement. 
Again, this demonstrates the importance of using the LP and simulation 
methodology in order to find an optimal flexibility level that is robust to 
changes in system parameters while still yielding significant improvements in 
FAB performance. 
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Setup time (ST) can also significantly alter the amount of time it takes to 
process a wafer. As setup time increases it becomes more costly to switch from 
one layer to another, limiting the benefits of flexibility. A simulation sensitivity 
analysis was conducted by changing ST to a high value of 2 hours and a low 
value of 0.1 hours from the baseline value of 0.5 hours. The results are very 
similar to the QT sensitivity analysis. In essence, the more flexible tool group 
(SL = 3) loses significant processing capacity at high ST values and CTR 
quickly increases with higher WS values. The CTR for the SL = 2 arrangement 
does increase at the higher ST, but remains the optimal choice in all of the 
scenarios based on CTR performance. It should be noted that the no-flexibility 
arrangement (SL = 1) is unaffected by ST changes. 

Conclusions 

This paper develops an effective methodology of using LP and simulation in an 
integrated manner to determine the relationship that lithography tool group 
flexibility has on FAB performance in semiconductor manufacturing. 

• A deterministic linear model was developed that allocates steppers to layers 
given a set of defining parameters and constraints. The LP makes appropriate 
stepper-layer qualifications to maximize throughput. 

• A simulation was developed that tests each LP solution under stochastic 
conditions to determine FAB performance according to cycle time and 
throughput metrics. 

• A methodology was proposed that integrates the use of the LP and simulation. 
The methodology uses an iterative analysis technique to define the 
relationship between the performance and tool group flexibility. 

• Initial results were obtained as the methodology was verified with a simplified 
model of the lithography tool group. The results show that a flexibility level 
of SL = 2 optimized the CTR and CT - Constrained throughput. 

• Sensitivity analysis was carried out to identify the important simulation 
model parameters. Changes in MTBF, QT, and ST had significant effects on 
each tool group configuration. 
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