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Introduction 

 
The semiconductor market is plagued with periods of drastic sales declines as well as 

periods of drastic sales increases. According to the Semiconductor Industry Association (SIA), 

the global downturn in 2001 and the period of flat sales in 2002 turned the corner in 2003 in 

which percent revenue gains began to increase again. (http://www.sia-

online.org/iss_economy.cfm). Now, chip sales have hit a record $247.7 billion dollars in 2006 

(Taylor, 2007) and sales in January of 2007 are up 9.2% from January of 2006. In addition, the 

average utilization of semiconductor facilities is around 90%, which has been relatively steady 

for about 4 years, but is a decline from around 95% four years ago (Scalise, 2006). 

In spite of the increased revenue, semiconductor manufacturers must improve the 

unitization of their facilities, which contains a mix of high technology and human labor. The 

motivation of this paper is to examine the complex interaction of human labor within a 

semiconductor manufacturing facility to assert whether or not utilization gains can be achieved. 

In particular, the research focuses on the performance measure of throughput and the impact of 

varying levels of labor upon facility utilization. 

The two main objectives of this research are: 

1. To determine the effect of labor reduction in semiconductor manufacturing 

environments on average product throughput. 

2. To study the impact of labor reduction while examining interactions of different 

levels of product release rate. 

More specifically, the following questions are proposed to meet the research objectives: 

1. What is the effect on average product throughput levels with different degrees of 

labor reduction within the semiconductor manufacturing environment?  
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2. What is the interaction effect on specific levels of release rate with different degrees 

of labor reduction on the performance measure of average product throughput? 

This analysis will aid semiconductor manufacturers in determining appropriate degrees of 

labor reduction in an attempt to reduce operating expenses and improve delivery performance, 

from a product release standpoint. This is becoming increasing important as the industry has seen 

its biggest technological gain in decades; the use of hafnium-based dielectric insulating materials 

to construct the transistors instead of the traditional silicon-dioxide (Tullo, 2007). 

Literature Review 

 Previous literature was examined in studies which were conducted in the semiconductor 

industry in two major areas; those that dealt with improvements in throughput rates and those 

that dealt with the study of labor and the human resource dimension. This work is an extension 

of Neureuther (2006) in which labor reduction and the effect on cycle time and work in process 

inventory was examined. This study extends this research into examining the effect of labor 

reduction on average throughput. 

Chung, Pearn and Kang (2005) studied the photolithography operation in assessing the 

impact of work in process inventory on throughput. They developed an algorithm for estimating 

WIP control wafers for each grade and determined the algorithm worked well in estimating work 

in process levels and cycle time at the photolithography operation. Still, others perceive that 

throughput gains can be made by outsourcing certain aspects of the wafer fabrication process. In 

a study by Nguyen et al. (2007), they concluded that the outsourcing of STMicroelectronic’s 

chemical mechanical planarization (CMP) process improved overall fabrication utilization and 

wafer throughput. While outsourcing can relieve the costs of labor, it is not something that can 

be used pervasively in the semiconductor manufacturing process. 
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 In a study by Atherton and Dayhoff (1986), signature analysis was used to determine the 

best model with respect to changing start rates.  Performance measures examined to determine 

the best model were cycle times, throughput rates, and WIP inventory.  A discrete event 

simulation (DES) was performed in order to examine the performance characteristics of interest 

with respect to start rates. 

 Results from the above study found inventory increased linearly with an increase in start 

rates.  Also, cycle time increased as start rates increased, but increased more rapidly (in a non-

linear fashion) as queues began to develop in the facility.  Throughput increased linearly as start 

rates were increased, but increased less rapidly as queues began to grow.  However, there was a 

certain point of increased start rates where throughput did not increase or decrease significantly.   

 Further, in terms of machine utilization, an increase in start rates increased machine 

utilization.  Overall, if start rates are continually increased, inventory grows to enormous 

proportions, cycle time grows, and throughput does not change. 

In terms of research related to the effect of worker utilization on product throughput, not 

much work has been done and is noted by the lack of research in the literature. However, some 

job shop related work has been done on operator scheduling which can be applied to 

semiconductor manufacturing, in some respects, by extension. For example, Berman, Larson and 

Pinker (1997) developed a workforce object oriented linear programming (OOLP) model where 

the objective was to schedule the workers in a manner that minimized labor costs subject to a 

variety of service-level, contractual, and physical constraints.  This model used high volume 

factories which were defined by the authors as containing n work centers, where workers at each 

work center were assigned to process WIP that flowed through the work center.  In addition, the 
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model allowed rework loops for the immediate work center.  Semiconductor facilities tend to 

elicit a similar type of environment. 

 The goal in this study was to decide the number of workers that should be assigned to 

each work center while minimizing costs.  In meeting this goal, workers were assumed to be 

cross-trained and each worker had an individual productivity rate at each work center they were 

trained.  Workflow were not treated as deterministic, but were treated as Markovian networks 

(this is similar to how a simulation treats arrivals to each individual work center).  The 

constraints in the OOLP consisted of standard capacity, balance of material, WIP maximum 

levels, and worker status (full time or part time). 

 The final product of this research is an OOLP that determines a staffing level for each 

station that is necessary to meet the production constraints outlined.  However, due to the 

complexities involved in semiconductor manufacturing, OOLP's do not seem feasible.  But, the 

results and many of the constraints seen in this study can be carried over to a semiconductor 

simulation model. 

 Another study, conducted by Bourland and Carl (1994), examined minimizing the 

average setup and holding costs for production facilities subject to a constraint on the number of 

operators available.  This study was restricted to the fractional operator problem involving the 

production of many parts on several parallel machines.  In certain instances, only specific 

machines could produce specific products depending if a part was qualified to be produced on a 

given machine.  Further, production occurred in batches and setups had to occur prior to each 

batch being produced.  These characteristics are similar to some seen in the semiconductor 

industry.   
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Bourland and Carl (1994) took a two-level approach in the above study.  The purpose of 

the first level was to develop an infinite-horizon planning schedule that minimized the average 

setup and holding costs per unit time under operator availability constraints (deterministic 

demand rates).  The purpose of the second level was to develop a control model to ensure initial 

demands were met (demand varied through time).  A formulation based on the economic lot size 

problem was developed for the planning level and a dynamic programming model was 

developed for the control level.  The result of this study was a flexible two-tier model that 

developed an operator schedule and workflow policy while adhering to operator availability 

constraints. 

In yet another study by Vembu and Srinivasan (1997), algorithms were developed for 

operator allocation and job sequencing in order to minimize makespan.  This study focused on 

implementing JIT in Cellular Manufacturing, a process using the formulation of product-line-

cells.  Product-line-cells occur where material moves in batches between cells and in single 

pieces within the cell.  It is assumed that k cells exist with M jobs to be processed through these k 

cells.  Each cell had two or more machines and sequence dependent setups did occur from job to 

job.  Operators were permitted to work on all machines within the cell to which they were 

assigned and a one-to-one operator-machine relationship did not exist, i.e., there may be fewer 

operators than machines per cell.  

Three approaches were examined in order to allocate operators to cells.  These 

approaches included:  (1) heuristic, (2) genetic algorithm and, (3) enumeration.  Within the 

heuristic approach, four separate heuristics were examined.  Three of these heuristics were based 

on the weighted average of bottleneck workers for each variety in each cell.  The fourth heuristic 

allotted operators to the maximum loaded cell.  Two sequencing rules were also examined. 
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The results of this study indicated that the heuristic algorithms developed work well if 

quick results were needed, but the genetic algorithm approach worked better if appropriate CPU 

time was available.  Finally, the enumeration method worked best overall (it should since it 

enumerates all possible operator allocations), but the CPU time required was unreasonable. 

In terms of worker cross-training, Park (1991) examined the effects of various degrees of 

worker cross-training on five representative dispatching rules (FCFS-first come first served, 

EDD-earliest due date, SPT-shortest processing time, MOD-modified operations due date, and 

CR-critical ratio).  The performance measures that were analyzed were:  (1) percentage of jobs 

late, (2) mean tardiness, (3) variance of tardiness, (4) mean wait time, (5) variance of wait time 

and, (6) mean number of labor transfers per day.  This study was conducted with the use of five 

different operator matrices, where each matrix represented a different level of cross training.  

The first matrix represented no cross training of employees whereas the fifth matrix represented 

full cross training of employees; each matrix between these two represented varying levels of 

cross training.  For the job-shop under study, only five work centers existed with two machines 

per work center.  One operator was assigned to each work center, thus representing a 50% 

staffing level.  In addition, if an operator was idle and could be moved to another work center, 

they were moved to the work center with the longest queue. 

Park used the network side of SLAM II in the development of the simulation for this 

study.  ANOVA tests were designed to study the significance of the changes in the performance 

measures of interest.  The statistical analysis resulted in the following conclusions: 

1. All dispatching rules have significant effects on the performance measures. 

2. Certain sequencing rules performed better than others depending on the operator 

matrix involved. 
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3. The operator matrix that assumed no cross training performed consistently worse than 

all the others, with not many differences among the other four. 

Finally, Uzsoy, Lee and Martin-Vega (1994) discussed dispatching rules and input 

regulation methods by giving a review of research related to this topic.  Their review generally 

agreed with the findings of the others outlined above; input mechanisms are used to control flow 

to the shop to reduce WIP inventory, thus, reducing cycle time and increasing throughput. 

Methodology and Model 

A simulation model of a semiconductor manufacturers front end process was constructed. 

In the model, the wafer fabrication process was divided into sixty work centers, with each work 

center consisting of a specific number of machines.  Each machine within each work center was 

treated as an independent identical machine, with setup and processing times differing from 

product to product.  The simulation was constructed to run for two years, with the first year of 

data discarded in order to create steady state.  Since semiconductor processing can be very 

complex, only three products were selected to run within the simulation.  Thus, the entities in the 

simulation consist of jobs that need to be processed.  Only nine events are possible for any one 

entity in the simulation.  These nine events include: 

1. Arrival to Work Station, 

2. Beginning of Setup, 

3. End of Setup / Scheduling of Service, 

4. End of Service / Scheduling of Logout, 

5. Logout Task (unbatching), 

6. End of Logout / Scheduling of Transfer, 

7. End of Transfer / Scheduling of Arrival, 
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8. End of Maintenance / Scheduling of Setup, 

9. Trashcan / Entity Disposal. 

In addition to the events that can occur on the entities, each entity may carry along with it 

a set of attributes.  Each entity (job) created in the original simulation model carries the 

following fifteen attributes: 

1. TNOW: The time the job was placed into service (cycle time parameters). 

2. Remaining operation time: SOP sequencing rule. 

3. Current work center: tracks the jobs work center. 

4. Current processing code: operation type currently being performed. 

5. Current operation number: which operation in process recipe is being performed. 

6. Current yield rate: yield rate of current product being processed. 

7. Current cumulative processing cost: tally of production costs. 

8. Cumulative set-up time: tally of set-up times, helps determines set-up costs. 

9. The device type: job type being performed (one of three). 

10. The current row pointers: points to appropriate row in process recipe table. 

11. The machine that is currently in use. 

12. Current operator servicing the batch: which operator (by number) is busy. 

13. Current logout terminal: which logout terminal is currently in use for logout. 

14. Job pointers for batch array: tracks which job is currently batched with another. 

15. Job pointer for previous job into batch array: track previous job that a new job was 

batched with. 

In order to better understand the flow of the simulation model with respect to the 

semiconductor process that was simulated, figure 1 shows the nine subroutines and where these 
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subroutines fit into the semiconductor production process. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Simulation subroutines added to process flow at each work center. 
 

Analysis 

An ANOVA model was developed in which the response variable was the average yearly 

product throughput, which was analyzed with three factors.  The factors of product (3 product 

types), staff level (ten levels of staffing starting at 100% and dropping by 5% to a 50% level of 

staffing) and release rates (3 levels; 72, 144 and 192 wafers per hour) were fixed effect factors 

while the factor of replication (10 levels) was a random effects factor.  The mean structure of the 

replication factor was not of interest, but we do want to look at the covariance structure to ensure 

all replication were statistically random.  This basic model tested the following hypothesis: 

Ho: There is no interaction between release rate, staff reduction levels and replication 

on the performance measure response of average yearly product throughput. 

Ha: There is an interaction between release rate, staff reduction levels and replication 

on the performance measure response of average yearly product throughput. 
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Tables 1 shows the three-way interaction effects for the performance measure of 

throughput for the manufacturing aspect of release rate (RR).  

Source Degrees of Freedom F-Statistic P-Value 

Staff*Rep*Product 162 1.1825 .1044 

RR*Rep*Product 36 .7770 .8194 

Staff*RR*Rep 162 1.0808 .2783 

Staff*RR*Product 36 953.54 .0001 

Table 1: Three-way ANOVA results for throughput on release rate 
 
 This result raised some curiosity as it was not expected that the three-way interaction 

effects would be significant.  In examining this result, three-way interaction plots were 

constructed in order to see the relationship (or interaction) of the three factors of interest 

staff*RR*replication.  The product factor was placed in the analysis in order to help explain 

some of the variability; however, this factor and all its interactions will not be analyzed since it is 

not of interest in this study.  According to the plots, the underlying functional relationship of the 

three-way interaction of staff*RR*replication is the same within all ten replications.  Also, the 

standard error is small (by at least a magnitude of two) in comparison to the mean square for the 

interaction effect of interest.  The large number of degrees of freedom coupled with the small 

standard error causes significance to occur, even if no practical significance exists. 

The next interaction that was examined is the two-way interaction of release rate by staff 

level with respect to the response of average yearly product throughput. According to the 

ANOVA test, the interaction of RR*staff on the performance measure response of average yearly 

product throughput is significant.  The ANOVA test shows a P-value of 0.0001, which is clearly 

significant at the .05 level. Table 2 shows the ANOVA output and Figure 2 shows the interaction 

plot of the two-way interaction of RR*staff with respect to the average yearly product 

throughput. 
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Source Degrees of Freedom F-Statistic P-Value 

Rep*Product 18 .8148 .6709 

Rep*Staff 81 1.0264 .4524 

Staff*Product 18 2,557 .0001 

Rep*RR 18 1.4585 .1824 

RR*Product 4 14,826 .0001 

Staff*RR 18 18,183 .0001 

 Table 2: Two way interaction on release rate with respect to average throughput 
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 Figure 2: Interaction of release rate and operator reduction on average throughput 
 

It is clear that at lower staff levels the average yearly product throughput for the release 

rates of 144 and 192 is sharply reduced (specifically after the 75% staff level). Clearly, the 

magnitude in the decrease of the average yearly product throughput is smaller with the release 

rate of 192 than it is with the release rate of 144.  Further, as seen in the multiple comparison 

tests that were performed on the average yearly product throughput with respect to release rates 

by staff levels, all release rates are significantly different from each other at staff levels between 

100% and 75%.  However, between the 70% and the 50% staff levels, all three release rates 
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exhibit statistically similar average yearly product throughput.   This is due to the fact that the 

operators, at these levels, are the constraint to the system.  A Bonferonni adjustment of alpha was 

used for the multiple comparison tests that were performed on each level of release rate by staff 

level. 

Another result seen is that as the release changes from 192 to 144 wafers, the average 

yearly product throughput increases.  This makes sense from the standpoint of the capacity of the 

wafer fabrication system.  Fewer throughputs are realized at the higher release rate because the 

system is becoming capacitated.  Work centers are becoming bogged and operators are much 

busier.  Also, as we move to a release rate of 72 wafers, we see the smallest average yearly 

product throughput of all the release rates.  This is because the system is not saturated, or 

running at full capacity, at a release rate of 72 wafers per twelve-hour shift.  To demonstrate this 

point a bit farther, table 3 shows the average yearly product throughput for a small release rate 

(24 wafers per twelve-hour shift) and a large release rate (744 wafers per twelve-hour shift) at 

the staff level of 100%.  The average yearly throughput is an aggregate throughput consisting of 

all three products. 
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Release Rate (wafers per 

twelve-hour shift) 

Average Yearly 

Throughput (wafers) 

744 10,492 

192 76,719 

144 88,850 

72 52,562 

24 17,515 

Table 3: Throughput comparison by release rate 

This demonstrates that as the release rate gets higher than 144, based upon the levels 

studied, the average yearly product throughput decreases due to an over capacitated system.  As 

the release rate falls from 144 wafers, based upon the levels studied, the average yearly product 

throughput also declines.  Therefore, the release rate of 144 wafers per twelve-hour shift is better 

than all the other release rates, in terms of throughput, at a staff level between 100% and 75%.  

This may show the wisdom of the semiconductor facility under study as they currently use a 

deterministic release rate of 144 wafers per twelve-hour shift. 

 
Summary and Conclusion 

 
The following is a summary of the findings for the average yearly product throughput when 

examining release rate by staff levels. 

a. Staff reduction only has an effect on throughput levels when the system is operating 

at capacity. 

b. The more overcapacitized a system becomes, the more detrimental a larger and larger 

release rate becomes on throughput. 

c. At lower staff levels, the throughput becomes almost the same for all release rates. 
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The contribution of this research will occur in the operating expense savings it creates for 

firms within the semiconductor industry.  Operator availability impact has not been fully 

examined in the literature for the semiconductor industry.  Thus, profit can be increased in terms 

of operating expense reduction in order to improve the bottom line in the short term.  With the 

current surge in sales in the semiconductor market, the benefit in increased throughput by 

examining product throughput and release rate is important. 
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