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Abstract 

 
In a complex manufacturing environment, such as a semiconductor wafer fab, small variations of system operating 
factors, implemented at any production step, may have a significant impact on the overall fab performance. Cycle 
time (CT) reductions obtained at critical tools could generate considerable productivity improvements which 
eventually lead to a capacity increase at no investment cost. In this study, a simulation model is developed to analyse 
CT performance at wet tools. The model developed captures the production dynamics of a wet station operating in a 
real wafer fab; its flexibility allows reproducing the behaviour of different wet tools configurations. The model is 
used to compare the efficiency of two different assignment strategies, which are based on a workload balance 
concept and an “Earliest Finish” concept, respectively. The impact of these strategies on CT is also analysed through 
the effect that these strategies have on the relationships between three different operating factors and CT itself. The 
factors investigated include wet tool dedication policies, batching parameters and wet tool capacity limits. The 
model results are used to draw conclusions on sub-optimal operational settings at the wet station modelled; based on 
these settings, a 19% CT reduction could be achieved. 
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1. Introduction 
Due to the highly dynamic nature of the semiconductor industry, CT reductions represent a strategic target for 
semiconductor companies that want to maintain competitive advantages (Kuo et al. 2011). When obtained at critical 
production steps, CT reductions could generate considerable productivity improvements which eventually lead to a 
capacity increase at no investment cost (Quek et al. 2007, Aydt et al. 2008). As the overall cleaning process 
constitutes almost 10% of the operations in a wafer fab (Kabak et al. 2010) wet tools can certainly be considered 
critical tools for the semiconductor wafer manufacturing process. Wet tools can be classified as batch chamber 
tools; they include several chambers, or tanks, each of which can accommodate a batch of wafers, usually made of 
one or two lots. The inherent complexity of wet tools and the peculiar constraints that characterise the associated 
scheduling policies make these tools difficult to model by means of analytical approaches (Govind and Fronckowiak 
2003). Simulation models are usually developed to assess the effects of changes in operation settings on the wet 
tools performance (Noack et al. 2008); these models allow conducting a thorough investigation of different 
operational scenarios before putting in place any change. Optimal dispatching rule and virtual queue capacity are 
analysed by Noack et al. (2008) that developed a simulation-based optimisation framework for the metallisation 
process in a wafer fab for which a product flow repeatedly enter a loop made of wet station, furnaces and etch tools. 
Quek et al. (2007) investigate the effects of various dispatching rules and recipe dedication schemes on wet tools 
capacity. Recipe dedication optimisation at wet stations is also investigated by Aydt et al. (2008) where a symbiotic 
simulation control system is created to dynamically adjust the recipe dedication settings at the available tools with 
respect to the current WIP level. An alternative simulation approach for modelling wet benches was also taken by 
Govind and Fronckowiak (2003); they developed a detailed hybrid simulation model of wet tools where the 
components involved in modelling the scheduling policies are transient-entity like and the remaining components 
use a resident-entity approach, which allows computational time reductions. The simulation model is used to 
investigate the impact of scheduling policies, maximum waiting time for batching operations and maximum internal 
buffer level on CT. Lee et al. (2007) integrate a Petri net model with mixed integer programming for generating 
optimal schedules at wet stations; they develop conditions to avoid robots deadlocks and collisions. The effects of 
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parallel processing on cycle time and throughput within a wet tool are analysed by means of a flexible simulation 
model by Mauer and Schelasin (1993). The results reveal how the asynchronous batch processing in integrated tools 
decouples the linear relationship between CT and throughput and, as a result, higher cycle times, due parallel 
processing, can prove beneficial in terms of throughput and overall run time. The model developed by Mauer and 
Schelasin (1993) is conceived as a flexible model which can be easily adapted to mimic the behaviour of any type of 
integrated tools, such as cluster tools. Even though there are relevant differences between wet tools and cluster tools, 
analogies can be made between the two classes of tools and studies conducted on cluster tools can provide useful 
information when analysing wet tools performances. As an example, more detailed analyses on the effects of 
parallel processing on CT at integrated tools can be found in Niedermayer and Rose (2003). 
 
Lot and task sequencing optimisation for CT reduction at wet stations has also attracted some researchers’ attention. 
Whereas for cluster tools, simulation is integrated with a genetic algorithm approach to generate optimal lot 
sequences (Dimmler 1999), mathematical programming approaches (Bhushan and Karimi 2003, Karimi et al. 2004, 
Aguirre et al. 2011, Zeballos et al. 2011) and heuristics (Geiger et al. 1997, Bhushan and Karimi 2004) are preferred 
for solving sequencing and scheduling optimisation problems at wet stations. For these problems, as a result of 
management’s suggestions, makespan minimisation represents the most common objective function (Zeballos et al. 
2010). Indeed, makespan reductions mean increase in throughput and avoid that wet tools could constitute a 
constraint to the factory output (Geiger et al. 1997). Reducing the makespan also helps increase the tool capacity 
and, hence, minimises the number of tools needed, with obvious advantages in terms of occupied clean room floor 
space (Geiger et al. 1997). The observed research trend on wet station sequencing and scheduling problems is 
towards the development of approaches that can deliver nearly optimal solutions in a reasonable time for 
increasingly larger sized problems (Castro et al. 2011). Less rigid assumptions, especially those regarding the 
material handling system, are also considered in more recent models (Lee et al. 2007, Aguirre et al. 2011).  
 
The scheduling problem at wet stations is often combined with the scheduling problem at furnaces. Indeed, wet tools 
operations, such as wafer cleaning or etching, are very often followed by furnace operations for diffusion processes 
(Gan et al. 2006). The integrated scheduling problem is characterised by relevant complexities due to the different 
maximum batch sizes at the two batch tools and the possible presence of delay constraints between the two 
processes (Scholl and Domaschke 2000). As a consequence, efficient schedules at the wet station are fundamental to 
ensure good performance at the furnace (Ham and Fowler 2008). Simulation and heuristics are generally used to 
determine optimal dispatching rules (Scholl and Domaschke 2000, Ham and Fowler 2008) and analysing the effects 
of furnace upgrades on the upstream flow (Gan et al. 2006). 
 
As emerges from this brief survey, simulation represents the most common approach for modelling and analysing 
wet tools; simulation models are used in practice to perform what-if analyses and assisting in decision making 
processes on the optimal tools configurations for productivity efficiency improvements. However, in order to 
facilitate the integration of a model into the automation system of a real company and use it for real-time decisions, 
analytical models might prove more efficient. It is worth noting that the symbiotic simulation control system 
developed by Aydt et al. (2008) and integrated with the manufacturing execution system, uses a deterministic 
simulation model with the only exception being the lot generating process.  In this study, a quasi-deterministic 
model is developed to analyse CT performances at wet tools. The model developed is based on a scheduling 
algorithm which captures most of the internal workings of a wet tool and, at the same time, proves flexible enough 
to model different tool configuration settings. Realistic assumptions on job flows, scheduling constraints and 
material handling system are made. The detailed schedules provided and the very short computational times make 
the model suitable for eventual integrations with search-based optimisation techniques, as an example, lot order 
sequence at the wet tools could be optimised for makespan minimisation. In this research, the model is used to 
compare two different assignment policies and analyse the impact of three operating factors, including tool 
dedication policies and batching parameters, on CT performance under two different assignment policies. 
 
2. Description of the System 
The wet station modelled in this study operates in a real wafer manufacturing plant and consists of seven identical 
wet tools which operate in parallel. The wet tools present a standard layout (Figure 1) and include 6 different tanks. 
The chemicals with which a tank is filled define the process that can be performed in a tank. In a wet tool standard 
configuration, chemical tanks are followed by rinse tanks and are generally subjected to processing time constraints. 
An overexposure of the wafers to a chemical etchant will most likely damage them; as a consequence, at chemical 
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tanks, a Zero-Wait (ZW) constraint is usually applied which forces the handling system to move a batch out of the 
tank and transfer it to the following tank once the prescribed processing time is completed. The tanks subjected to 
the ZW constraint will be considered “unsafe”; on the contrary, the remaining tanks will be considered “safe” tanks, 
as a batch can be held in them for a longer time than the minimum processing time required by its operation. A 
recipe describes the order with which a batch should visit the different tanks; an operation establishes the processing 
times in each tank. In the tools modelled here, the succession of chemical and rinse tanks does not follow the 
standard configuration; the first chemical tank (T1) is followed by a rinse tank (T2), whereas the second chemical 
tank (T4) is followed by another chemical tank (T5). Tanks T3 and T6 represent the rinse tanks associates with T5; 
they operate in parallel. This configuration suggests that unlikely most tools described in the literature (Bhushan and 
Karimi 2004, Zeballos et al. 2011), the production flow in a wet tool is not necessarily unidirectional as a backward 
movement from T5 to T3 is allowed (Lee et al. 2007). Even though filled with etchant chemicals, tanks T4 and T5 
are considered safe; the ZW constraint in the modelled tools applies exclusively to tank T1. In these tools, the 
allocation of a batch to an unsafe tank is subjected to a further constraint; the adjacent rinse tank has to be empty 
while a batch is being processed in the unsafe tank. This is to avail of a safe location where to move the batch in 
case the unsafe tank breaks down. Indeed, no intermediate buffer is available between any two consecutive tanks; 
this generates a further scheduling constraint, usually called “No-Intermediate Storage” (NIS): before a batch can 
leave a tank, the following tank in the recipe has to be empty. In the unsafe tanks modelled here, the internal handler 
is also able to move a carrier to the adjacent rinse tanks; this facilitates meeting the ZW constraint since the 
availability of the common robot for the carrier transfer to the next tank is not required. Pre-emptive robot 
assignment rules are implemented in the internal scheduler control logic to increase the availability of the dryer; in 
particular, transfer of batches out of the dryer are prioritised over any other robot movement. Due to necessary and 
periodic repouring operations, the chemical tanks present a limited availability; during these operations, a tank is 
emptied and refilled with the appropriate chemicals whilst the other tanks in the same tool continue processing as 
usual. Regular preventive maintenance is also performed at the wet tools. 
 

 
 

Figure 1: Schematic representation of the wet tools modelled 
 
The lots that require processing at the wet station modelled are physically located in an upstream buffer. Here, based 
on the prescribed operation, virtual batching decisions are made; different operations of the same recipe could prove 
virtually identical and lots of these operations can be batched together. If two lots of the same operation group are 
available in the queue, a batch is virtually formed and the assignment policy is triggered. If a full batch cannot be 
formed immediately, the lots are allowed waiting in the buffer for further batching opportunities until the Maximum 
Waiting Time (MWT) set for the corresponding operation is reached. In this last case, the lot will be assigned to a 
wet tool and eventually processed as a single lot.  
 
The assignment strategy implemented in the modelled wet station is based on a workload balancing concept. The 
tool with the minimum number of lots currently present in it is chosen (Govind, Fronckowiak 2003). In case of 
equally loaded tools, the tool with the oldest last arrival is preferred. This strategy is referred to as the “Emptiest-
Oldest” strategy (EO), hereinafter. As a result of recipe dedication policies, the number of eligible tools for 
assignment decisions varies with the batch recipe. A more detailed description of this policy will be given in the 
next section. When a lot arrives at a tool, the internal scheduler will generate a detailed schedule which lists the 
timestamps in and out of each tank according to the recipe assigned to the lot, the tanks and robot availability. If 
another lot requiring the same operation is available in the internal buffer, the two lots are batched together and 
loaded through a set of mechanical devices onto a carrier just before their processing can start. The carrier is moved 
by the common robot to the first tank prescribed by the recipe or, if this is unavailable, the carrier is placed in the 
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temporary waiting area, which can be occupied exclusively by unprocessed batches. The handling system will move 
the carrier across the tanks following the associated schedule, which meets the scheduling constraints illustrated 
above. Each tank is provided with an internal handler that transfers a carrier from the common robot into the tank 
and holds the carrier in the tank until the process is complete. After leaving the last tank, any carrier, independent of 
the recipe, visits the dryer before being unloaded by the mechanical devices that also unbatch the lots. The processed 
lots return into the internal buffer where they are ready to exit the tool through a load port.  
 
3. Simulation Model Development 
The opportunity to investigate the impact of the assignment strategy and other operating factors on the average cycle 
time at the wet station modelled without disturbing the production flow in the system has motivated the development 
of a model able to emulate the behaviour of the wet tools. The assignment algorithm and the scheduling algorithm 
represent the core of this model which generates detailed schedules for the lots to be processed based on 
deterministic input data. The only exception is the transfer time from the upstream buffer to the wet tools which is 
modelled according to a lognormal distribution as lots order arrival at a wet station can impact CT performance; 
hence, the “quasi-deterministic” nature of the model. Repouring operations and preventive maintenance are also 
modelled following the schedules implemented in the plant. The data used in the model derive from statistical 
analyses of real data available in the historical database of the company supporting this research. The model 
developed faithfully reproduces the production dynamics described in the previous section; no simplifying 
assumption on the logic used by the control software of the internal scheduler is made; this is proprietary to the 
manufacturer of the tools and cannot be modified in the plant. Communication with the production engineers 
involved in this research and analyses of historical data helped develop an adequate understanding of the control 
logic so that it could be accurately modelled. The scheduling algorithm is based on a trial and error approach; it 
considers one batch at a time and completes its schedule before considering the following batch in the sequence. 
While the schedule for a batch is progressively calculated, the algorithm keeps a record of both robot availability, 
ΦR, and tanks availability, Φm, so that concurrence to common resources is correctly managed. The records consist 
of ordered sequences of arrays defined by the start time (TS) and the end time (TF) during which a resource (e.g. 
robot, tank or dryer) is utilised. Considering each tank in the order suggested by the batch’s recipe, the algorithm 
checks the robot availability for a time interval that includes the transfer time for the current batch, k, from tank j-1 
to tank j [TFk(j-1); TSkj] and additional times related with the robot transfer from its previous position to tank j-1 and 
from tank j to the following position previously scheduled; further time for possible robot cleaning operations 
required is also considered. If the robot proves available, ΦR is updated by inserting an appropriate time interval that 
comprises [TFk(j-1); TSkj] so that the chronological order is respected; it is worth noting that a similar record is kept 
for information on the robot positions. The tank availability is successively checked for the time interval [TSkj; TFkj]. 
The difference between TFkj and TSkj is necessarily equal to the prescribed processing time for the unsafe tanks; due 
to the LS constraint, it can be greater than the processing time for the safe tanks. In case either the robot or the tank 
are not available, the smallest time at which the unavailable resource become available for the required time interval 
is calculated and, based on that, the start and finish times at the previous unsafe tanks are derived using fundamental 
equations. The mathematical formulation of the scheduling problem is not presented in this paper as it goes beyond 
its analysis purposes; the equations used consist of a generalisation of those presented by Bhushan and Karimi 
(2004). The iteration restarts from the first safe tank that precedes the tank currently assessed. This is to avoid 
restarting the schedule calculation from the very first tank in the recipe when the calculated additional processing 
time at the safe tank is allowed. If the tank proves free, Φj is updated and the next tank in the recipe is considered. In 
case a resource’s unavailability forces schedule recalculations, ΦR and Φm are restored to their previous status. In 
spite being developed for a specific toolset, the simulation model built here is quite flexible; it can be easily adapted 
to model tools of different configurations by changing some input parameters. As an example, the tank capacity, the 
number of tanks, the nature of the tank, whether safe or unsafe, the presence of an internal handler between two 
adjacent tanks and the number of common robots can be modified. The model has been coded in MATLAB v9 ®. 
 
The model validation has been performed by comparing the average Queuing Time (QT) and Run Time (RT) 
generated by the algorithm against real observations. Three sets of data, each of which recording 15 days of 
production, have been used for the model validation. QT is here intended as the time elapsing between the lot arrival 
at the buffer and the time at which the lot leaves the interval buffer of a wet tool in order to be processed; this means 
the waiting time within the tool is also included in the queuing times. RT is intended as the time that a lot spends 
inside a wet tool, excluding the waiting time in the internal buffer. The sum of QT and RT represents here CT. The 
model has incorporated different level of details which have progressively improved its accuracy. As Figure 2 
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shows, QT predictions have mainly benefited from the introduction of more details into the model as the relative 
prediction error reduced from 40% for Phase 1 to less than 1% for Phase 3. The final RT prediction error is less than 
1.5%. In Figure 2, Phase 1 refers to the basic mode; in Phase 2, maintenance and repouring operations, setup times 
at each tank, MWT and stochastic travel times from the stocker were included. Finally, during Phase 3, the 
assignment strategy logic was revised to reproduce the actual one more accurately, variable limits to the internal 
buffer capacity were also introduced. The time scale on the vertical axis of Figure 2 has been omitted for 
confidentiality reasons. The model is able to generate detailed batch schedules in about 0.01 seconds. The 
experiments were run on a 2.4 GHz Core Duo processor. 
 

 
 

Figure 2: Model accuracy with respect to level of details included in the model 
 
4. Experiments 
The principal aim of this research is to investigate the opportunity of improving the wet station capacity by reducing 
average CT at the wet station modelled. To this purpose, the impact of an alternative assignment strategy on CT is 
analysed. In turn, the relationship between three operating factors and CT is analysed with respect to the assignment 
strategy adopted. This is to explore whether the scheduling policy affects the nature of the relationships between the 
parameters and the performance measure considered. The alternative assignment strategy modelled is based on the 
“Earliest Finish” (EF) concept: a batch is assigned to the tool that is able to process it in the shortest possible time. 
In case two or more tools provide the same completion time for a batch, the tool with the lowest historical workload 
is chosen. Hsieh et al (Hsieh et al. 2002) had developed an assignment strategy loosely based on the EF concept; 
however, they propose approximate calculations for the processing completion time of a batch, simply given by the 
sum of the starting time and the processing time. In their model, delays caused by maintenance operations within a 
tool are considered a posteriori by modifying the starting time of the following batch. The EF concept is also used 
by Noack et al. (2008) for the development of a dispatching strategy that establishes in which sequence the batches 
assigned to a tool will be processed. 
 
The three operating factors considered in the analysis consist of the recipe dedication scheme, the MWT in the 
upstream buffer and the Maximum Number of Batches (MNB) allocable in a tool. Extensive computational 
experiments have been conducted to investigate the influence of these factors on CT. Initially, different levels for 
each factor were considered and experiments were run focusing on one factor at a time. After developing a better 
understanding of the relationships between each single factor and the performance measure, two representative 
levels for each factor have been chosen so that a 24 factorial experimental plan, which includes the assignment 
strategy as a further factor, could be completed. The recipe dedication scheme establishes the recipes to be 
performed at each tool. Two different schemes are analysed in this study. In the first scheme, called “Soft 
Dedication”, x tools are assigned to the first recipe and the remaining tools can process any recipe. The second 
scheme can be considered as a “Hard Dedication” policy; it consists of assigning y tools to the first recipe and the 
remaining tools (e.g. 7-y) to the second and third recipes. x and y represent two variables which assume sensible 
values considering the recipe production mix. The first recipe represents almost 40% of the entire production 
volume at the wet station modelled; hence the decision of dedicating some tools exclusively to this recipe. For both 
schemes the special case of zero dedicated tools is included in the analysis; this means that any tool is allowed 
processing any recipe. As anticipated in the system description, the MWT represents the maximum time for which a 
lot is allowed waiting in the buffer in order to form a batch with another compatible lot. Different MWTs can be set 
for different operations. Along with the actual MWTs used in the plant, different MWT schemes are considered; 
these include MWTs invariant with respect to the operations and a scheme for which MWTs are set based on the 
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operations production volume. In particular, based on the idea that for lots of high production volume operation 
groups batching opportunities are higher, longer MWTs have been assigned to those operations whereas shorter 
MWTs have been assigned to lower production volume operations. This prevents a lot of a low volume operation 
from waiting a long time in vain for a compatible lot. This last scheme will be referred to as PV scheme. Finally, the 
MNB regulates the virtual capacity of the internal buffer of the wet tools. Limits on the MNB are generally imposed 
to avoid the potential loss of several batches due to quality issues observed at a tool (Govind, Fronckowiak 2003). 
However, reducing the MNB could also influence the tool efficiency as fewer batches mean less competitiveness in 
the use of shared resources within a tool (e.g. tanks, robot, etc...). Different levels of MNB have been considered. 
 
5. Results 
The impact of the EF strategy on QT and RT has been initially assessed based on the current toolset configuration. 
Using the same WIP profile for both the EO strategy and the EF strategy, simulation experiments were conducted. 
Based on the schedules generated by the model, QTs and RTs were averaged across the lots processed, 
independently of the tools, and compared against the average QT and RT of the historical data. The results show that 
the implementation of the EF strategy generates significant performance improvements with respect to the EO 
strategy as QT and RT decrease by 19.6% and 15.8%, respectively; this gives a 14.6% total CT reduction. The 
choice of the tool able to complete a batch in the fastest possible time improves the toolset efficiency and generates 
further capacity. This substantially impacts QTs as the waiting times within the tools, here included in QT, are 
almost nullified. RTs are also improved as a consequence of the more efficient distribution of the workload among 
the tools. A possible critical element that contributes to improve the EF strategy performances consists of the 
inclusion of tools shut down for maintenance in the search domain. Delays caused by maintenance operations are 
automatically considered during the schedule generation so that a priori exclusions of tools able to process a batch 
in a shorter time are avoided. The consideration of repouring events during the assignment decision also avoids 
incurring further unexpected delays. Conversely, the EO strategy performs a preventive exclusion of the tools 
undergoing maintenance operations and ignores the single tanks availability (e.g. repours and PMs). 
 
The effects of the tool soft dedication on QT and RT are analysed for the EO strategy from a double perspective, 
that is the dedicated tools perspective and the overall toolset perspective (Figure 3). When the dedicated tools are 
considered, the soft dedication considerably reduces both QT and RT. Given the scheduling constraints at wet tools, 
a wet tool dedicated to a specific recipe works more efficiently as the production flow within the tool is made 
synchronous; the concurrency of different batches for the same tank is reduced by the implementation of a FIFO-like 
scheduling logic. As a consequence, the throughput and the production volume processed at the dedicated wet tools 
will tend to increase in comparison to a “No Dedication” scenario. The marginal reduction of QT and RT naturally 
tends to decrease with respect to the number of tools dedicated as the recipe production volume is distributed across 
a greater number of tools. When the overall perspective is considered, that is QT and RT are averaged across the 
seven tools, the soft dedication scheme does not prove beneficial. The overall average RT is not relevantly affected 
by the number of tools dedicated, whereas the overall average QT increases with the number of tools dedicated; 
when more than three tools are dedicated to recipe 1, QT increases by more than 150% (Figure 3).  

 

 
 

Figure 3: Soft dedication impact on QT and RT for the EO strategy 
 
The analysis of the soft dedication scheme for the EF strategy provided similar patterns for QT and RT at both the 
dedicated tools and all the tools. The major difference between the two strategies consists of the applicability 
domain for the soft dedication scheme; with the EF strategy up to four tools can be dedicated and the resulting CT 
proves lower than the current one (Figure 4). It is interesting noting that, since recipe 1 represents 40% of the 
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production volume, three tools would have been sufficient to complete the entire recipe 1 production. For the EF 
strategy, the possibility of dedicating four tools to recipe 1 suggests that additional capacity is created and 60% of 
the production volume can be processed by 40% of the tools. The time variations in Figure 3 and Figure 4 refer to 
the “No Dedication” scheme results of the EO strategy; different production settings from the real scenario are 
considered for this analysis. Reference scenarios will change according to the scheduling factor investigated, hence, 
the time variations reported in the graphs could prove different.  
 

 
 

Figure 4: Comparison between average CTs of two assignment strategies for the soft dedication scheme 
 
Similar results are obtained for the hard dedication scheme as CT at the dedicated wet tools significantly reduces 
(e.g. up to -17.8% for QT and -9.3% for RT); however, when the overall wet station performance is considered, a 
very irregular pattern for QT compromises the applicability of this dedication policy (Figure 5). The assignment 
flexibility is drastically reduced and the number of wet tools dedicated to a recipe should be closely related with the 
recipe production volume; as a result, only the scenario with three wet tools dedicated generates sustainable results. 
Similar patterns for QT and RT are observed when the EF strategy is implemented. The additional capacity created 
by this strategy makes the dedication of three or four wet tools to recipe 1 possible; better results than the reference 
scenario are still obtained. In general, the hard dedication scheme does not prove a sustainable alternative to the soft 
dedication scheme as the feasible solutions, besides not performing better than the “No Dedication” scheme, do not 
prove robust to events which might modify the wet tools availability. 
 

 
 

Figure 5: Hard dedication impact on QT and RT for the EO strategy 
 

 
 

Figure 6: MWT impact on QT and CT when the EO strategy is applied 
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Figure 6 shows that the impact of MWT on CT varies with the assignment strategy applied. For the EO strategy, the 
beneficial effects on CT generated by longer MWTs are evident. Longer MTWs increase the batching probability of 
a lot; this obviously reduces the need for a greater production capacity as the number of batches to be processed 
could be potentially halved. Above a certain threshold (e.g. 60 minutes), MWT increases will not relevantly impact 
CT; this threshold is dependent on the inter-arrival rate distributions for the different operation groups. The PV 
scheme proves not effective in reducing CT; a more detailed analysis for this scheme reveals that QTs reduce since 
low volume operation lots are forced to leave the stocker after a very short waiting time; however, as the number of 
batches to be processed increases, the tools will be more congested and, as a consequence, RTs increase. When the 
EF strategy is applied the opposite situation is observed. QTs and CTs tend to increase with MWT, and the PV 
strategy proves effective. RTs, for this scenario, do not significantly change with the MWTs as the tools are more 
effectively loaded and able to process a greater volume of batches. In this case, the CT reduction has to be related 
with the QT reduction; the time saved by releasing the lots after a shorter waiting time in the buffer has a positive 
impact on CT as the additional capacity created will limit the processing delay caused by a greater workload. 
 
The third factor analysed, that is the MNB, does not appear to have a relevant effect on CT for both the assignment 
strategies (Figure 7). The only difference between the strategies consists of the minimum MNB allowed which 
proves lower for the EF strategy; this can be related to the shorter average RT corresponding to this strategy. When a 
batch leaves a tool after a shorter time, more capacity is created within the internal buffer, which means more 
batches can be allocated to a tool within a given time window. It is worth noting that, even though no benefit is 
obtained in terms of CT, there are at least two reasons why MNB reductions are preferable. Firstly, a low MNB 
avoids repetitive batch assignments to the same tool and, hence, reduces the chances of tool congestions. Secondly, 
batch losses due to quality issues experienced at a tool can be limited. 
 

 
 

Figure 7: MNB impact on QT and RT for both assignment strategies 
 
In order to formalise the conclusions drawn in the analysis above, a full 24 factorial design was completed. No 
central points were considered in the experimental design; three replications for each point were performed. Apart 
from the assignment strategy for which two variants are analysed, two levels had to be chosen for the remaining 
factors. This was done considering the applicability of the level to the scenarios consequently generated; as an 
example, any hard dedication scheme was excluded as a possible choice for the recipe dedication factor because it 
could not originate any sustainable solution. Secondly, the choice of the levels was also based on the significance of 
a particular value for a factor. The levels chosen for the four factors are reported in Table 1. 
 

Table 1. Levels for the 24 factorial plan 
Factor Level -1 Level 1 
Assignment Strategy EO EF 
MNB 4 6 
MWT Current PV 
Recipe Dedication No Dedication Soft Dedication (3tools) 

 
The main effects plot reveals that the assignment strategy represents the most impacting factor on CT (Figure 8). 
The recipe dedication scheme also determines CT variations; in particular, the soft dedication increases CT as the 
reduced flexibility in the assignment decision increases the workload at the non-dedicated. The low level for the 
MWT positively impacts CT. The values reported on the y-axis represent the percentage variations of the simulated 
CT with respect to the average CT of the historical observations. Only for the EO strategy the mean value is higher 
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than the observations; for the other factors, the effect of the EF strategy reduces the mean to -8% on average. The 
positive effect of the EF assignment strategy on the other factors in terms of both mean values and CT robustness to 
the factors variations is more evident when the interaction plot is considered (Figure 8). The plot shows that MNB 
does not interact with either MWT or recipe dedication. On the contrary, the soft dedication amplifies the impact of 
MWT on CT; the reduced assignment flexibility of soft dedication does not prove suitable for the reduction of 
MWTs imposed by the PV scheme as this increases the number of batches to be processed. Finally, the lowest CT is 
obtained when the EF strategy is implemented, the MNB is set to four, the MWTs follow the PV scheme and no 
recipe dedication is applied. For this scenario, the model predicts a 19% CT reduction. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Main Effects and Interaction plots for CT variations 
 
6. Conclusions 
In highly dynamic manufacturing environments, such as the semiconductor industry, CT reductions obtained at 
critical tools can prove fundamental to achieve significant productivity improvements at no investment cost. In this 
paper, CT performance at a wet station is analysed by means of a quasi-deterministic model. The model 
development was supported by direct observation of the production dynamics at a wet station operating in a real 
manufacturing system; real data analysis helped develop a thorough understanding of the scheduling strategy 
adopted, which is proprietary to the wet tools manufacturer and cannot be modified in the plant. The model presents 
a very high accuracy, which has been achieved through a progressive introduction of details, and can be easily 
adapted to emulate the behaviour of different wet tool configurations. Realistic assumptions on job flows, material 
handling system and scheduling constraints are made. The model, which is effective in generating detailed batch 
schedules in a very short time, has been used to compare the efficiency of two assignment strategies in terms of CT. 
The results show that additional capacity can be created if a strategy based on the EF concept is implemented as the 
CT significantly reduces. The impact that the two strategies have on the relationship between three operating factors 
and CT has also been investigated. The factors considered consist of the recipe dedication at different tools, the 
maximum waiting time for batching opportunities and the virtual capacity of the tools internal buffer. The analysis 
reveals that, for both the recipe dedication scheme and the virtual buffer capacity, the EF strategy does not affect the 
nature of the relationship between these factors and CT, however, it enlarges the domain of feasible solutions. On 
the contrary, the CT pattern with respect to the maximum waiting time is highly dependent on the assignment 
strategy adopted; in particular, whereas for the EO strategy longer waiting times are preferable so that batching 
opportunities are maximised and the overall workload is reduced, for the EF strategy shorter waiting times improve 
CT performance. The analysis also highlights that recipe dedication is generally not beneficial from a CT 
perspective; moreover, maintenance and quality issues could arise from the throughput increase experienced at the 
dedicated tools. The virtual buffer capacity does not significantly impact CT; however, it is advisable to keep this 
factor as low as possible in order to limit production losses due to quality issues at the wet tools. A full 24 factorial 
design completed with the experiments conducted suggests that optimal parameter settings for the toolset modelled 
could reduce average CTs by 19%. The optimal configuration is strongly dependent on both the EF strategy and the 
“No Dedication” scheme, whereas it proves robust to variations of the maximum waiting time and the virtual buffer 
capacity. The optimal settings found for the three factors are closely related to the assignment strategy adopted and 
the tool configuration considered. Given the very short computational time exhibited by the model, the integration of 
a batch sequencing optimisation module in the quasi-deterministic model for the generation of real-time optimised 
schedules is deemed possible and will be the research focus for the near future.  
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