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ABSTRACT

This article addresses the problem of reticle allocation in a stocker of an existing photolithography workshop
of a 200 mm semiconductor wafer manufacturing facility. A reticle stocker generally consists of two internal
storage zones: the retpod, where reticles are stored with pods and have short retrieval times, and the carousel,
a bare reticle stocker with longer retrieval time. The reticle is an auxiliary resource in photolithography
workshop operations. Thus, if the right reticles are not stored in the right places in the reticle stocker, it
can quickly become a bottleneck. The purpose of the article is to determine the right reticles to store inside
the right place of the reticle stocker. This is a knapsack problem. Three heuristics considering the arrival
of lots in the upstream steps of the photolithography workshop are proposed and tested on real instances.

1 INTRODUCTION

Semiconductor wafer manufacturing process can be described as a multi-step process with re-entrant flows
(Monch et al. 2011). The processing is done layer by layer. Each layer requires several processing steps
such as chemical deposition, etching and diffusion where the wafers are grouped in lots in order to undergo
operations. A lot contains a maximum of 25 wafers (Monch et al. 2012). A lot moves through the
semiconductor wafer fabrication (fab) plant for operations. Wafers are made up layer by layer and each lot
can thus pass up to 40 times through the photolithography workshop. The photolithography process is one
of the central operations in the production of wafers. Here, the process consists in transferring a diagram
of an integrated circuit onto a wafer, on which a photosensitive resin has been applied, through exposure
to ultraviolet radiation. To perform this operation, an auxiliary resource called reticle or mask (with an
integrated circuit diagram) foments the pattern on the wafer (Monch et al. 2011). A reticle is associated
with an operation of a given lot or product. The reticles are stored in a reticle stocker with limited capacity.
In a high-mix low-volume manufacturing environment, there are thousands of reticles, as one reticle
is used for one process step and one product at a time. When a reticle is required, it is retrieved from the
stocker and transported to the tool called stepper for processing the corresponding lot operation. Before
being transported, the reticle is placed in a container, called pod to protect it from contamination.
In the 200-mm site of STMicroelectronics in Rousset the transport of lots and reticles have been upgraded
from manual-based to an automated transport system. Hence, lots and reticles are transported by an OHT
(overhead hoist transport) system from stockers to tools and vice versa, see (Ben-Salem et al. 2017).
The photolithography area has more than 4000 reticles and three automatic reticle stockers. To give an
idea of the complexity management, daily, an average of 1600 reticles is used on the stepper tools for lot
processing. This generates complexity in determining to which stocker send the reticle and then in which
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compartment of the storage location to put it. In Figure 1, the reticle stocker is shown. Each stocker has 2
automated ports, where reticles are stored and retrieved by OHT vehicles (a load port dedicated to the entry
and another one dedicated to retrieving the reticle). If one port is busy, the other port must wait for the
adjacent port to complete its task before starting any other operation. The handling time of the reticle in the
stocker (enter and remove) depends on reticle storage location inside the stocker: pod shelf (Figure 1, b) is
dedicated to store empty and full pods, comprising approximately 60 places, including 20 places strictly
reserved for storing pods with reticles. The time required to remove and enter a reticle in this compartment,
called retpod, is approximately 15 seconds. In the second compartment, called carousel, which contains
1,500 places (Figure 1, c), the reticles are stored without pods. When a reticle is in the carousel area,
as the reticle has to be coupled with a pod before exiting the stocker (and decoupled from the pod when
entering), the storage and retrieval time is longer and it is about 1 minute. Consequently, depending on the

Figure 1: a) External overview; b) POD Fixed Shelf and POD Carousel Shelf; c) Carousel reticles

storage compartment inside the stocker, the delay for storing or retrieving a reticle can considerably vary.
This leads to an increase in the processing time of the stocker. As a result, the throughput of the stocker
can slow down and become the bottleneck of the automated material handling system. Thus, depending on
the stocker capacity and the use of the reticles, it is important to determine the right reticles to store in the
retpod. More precisely, the interest is to maximize the number of missions (a mission is the task consisting
in storing or retrieving a reticle in the stocker) in retpod compartment compared to the missions in the
carousel compartment to decrease stocker processing time. In other words, the right reticles performing
the greatest number of missions must be chosen to be stored in the retpod compartment. For example, it
is relevant to store a reticle with many wafers to process in the future (in a given period) in the retpod
compartment, as it is supposed to be retrieved soon. Besides, an analysis of the current situation of reticle
stocker shows that only 8% (low value) of missions are coming from the retpod compartment. This is due
to poor management of reticles meaning that the right reticles are not placed in the right compartment of
the stocker. The current management of reticles must be improved by increasing the number of missions in
the retpod compartment and by avoiding that the stocker becomes bottleneck. The purpose of this article
is to efficiently manage the stocker by determining the reticles to be assigned to the retpod.

The remainder of this article is organized as follows: In Section 2, we present related works on managing
reticle storage. The reticle allocating problem is formalized and a solution approach is provided in Section
3. The experimental results are shown in Section 4 and finally, some conclusions and future perspectives
are drawn in Section 5.

2 RELATED WORKS

Ben-Salem et al. (2016) addressed the problem of designing an AMHS for reticles in a photolithography
area. An agent-based simulation model is implemented to determine the reticle storage capacity, the size
of the vehicle fleet, and the vehicle dispatching rules. What-if scenarios are used to determine the storage
capacity of the reticles. Ndiaye et al. (2016) studied the management of an Automated Guided Vehicle
(AGYV) for the reticles in cohabitation with Overhead Hoist Transport (OHT) system for the transport of
lots. Through the use of a discrete-event simulation model, different layouts, dispatching rules and sizing
of the fleet of vehicles are tested while focusing on some key performance indicators as the travel time,
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throughput, and vehicle utilization. The objective is to determine the right number of vehicles, with the
best dispatching policies. Murray and Miller (2003) studied two rules for reticle transport and two storage
strategies: centralized and distributed strategies. The authors show that the distributed strategy allows
having shorter reticle delivery times. Yamagishi (2003) proposes one of the first OHT-based automated
transport for reticles. The study shows that OHT considerably improves the production performances of
photolithography. Also, they study a relevant problem: the reticle stocker is divided into two different
stages, where the most frequently used reticles are stored in a defined stage, and the other part of the storage
is connected via an elevator. Tamehiro (2005) proposes a ’push” approach management coupled with a
reticle dispatch algorithm to solve the bottleneck problem at the load ports of a bare reticle stocker. In their
study, the bare reticle stocker and the pod stocker are divided. The idea is to anticipate reticle requests
when it is required on tool equipment, by predicting the wafer lot dispatching. But in this work, no details
are given on the times linked to internal reticle compartments. It appears from the literature that most
of the works does not specifically deal with reticle storage behavior, where the access times to different
compartments are taken into account to determine which reticles to place in the different compartments of
the stocker.

We see that the reticles storage problem considered is close to the storage problem encountered
in warehouses. Therefore, similar research can be encountered in warehouse management problems.
Warehouses often have two areas: the front area, with limited capacity, and where items can be easily
picked up; a reserve area to accommodate bulk storage and this does not allow easy access. The goal is
to replenish the front area and store the items in the other area. The problem of determining the items to
be assigned to the front zone to balance replenishment and preparation has been studied in the literature.
Hackmann et al. (1990) develop a heuristic procedure to decide which items to allocate to automated
storage/retrieval and the quantity to be stored to minimize the costs of picking and replenishment. Gu et al.
(2010) proposes a Branch and Bound algorithm to solve the problem. One can also find different variants
of the problem proposed by van den Berg et al. (1998), Heragu et al. (2005) and Walter et al. (2013). A
notable difference between warehouse work and ours is that items leaving the warehouses do not come
back, whereas in this study reticles can come back into the stocker.

We aim to determine the right reticles to store in the retpod compartment, while taking into account
the arrival of lots requiring the reticles, to maximize the number of missions (tasks of storing or retrieving
a reticle) in the retpod compartment.

3 PROPOSED APPROACH

We tackle a problem where lots arrive dynamically in photolithography and we must decide which reticles
to consider in the retpod to maximize the number of missions (retrieve or store reticles). We write
R ={R;...R,} the set of reticles that are outside the stocker. Each reticle can occupy one place located
in the retpod compartment if it is stored.

The static version of the problem can be seen as a set of reticles where each one has a weight of 1 (1
location) and a profit value (corresponding to the number of lots to process with the considered reticle),
and the objective is to determine the reticles to store in the retpod so that the total weight is less than or
equal to the retpod capacity (C' the total number of available places) and the total profit is maximized. This
problem is a well-known problem called Knapsack problem (Assi and Haraty 2018).

Due to the dynamic of the fab (vehicles congestion, down tools, etc.), we face a high uncertainty
about the arrival of reticles at the entrance of the stocker. Then, it is complicated to predict with enough
confidence the arrival time of reticles in the stocker. For this reason, we have decided not to consider
reticle arrival times. Each of the reticle R; has an incoming activity L; ; which corresponds to the number
of processed lots with the reticle I?; while considering lots that are from operation (current operation of
Photolithography 1) to the (k upstream operations). In other words, & refers to the operation step number
before the photolithography step (which is 1). This gives the upstream position of the lot related to the
photolithography. Hence, depending on the position of the lot (step number k) the reticle can wait for a
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longer or a shorter time.
To evaluate the reticle waiting time we define two factors:

1. Lot priority P; ;. This is the maximum priority at operation £ for lots associated with reticle ;.
Lot flexibility index F; j. This is a ratio corresponding to the number of qualified machines executing
the recipe (these are all the settings required on a machine to operate) linked to the reticle R; over
total authorized machines. In other words, it is a ratio that gives the percentage of machines for
each operation k available for processing lots, associated with a given reticle R;.

Knapsack problem is known as an NP-hard problem (Wilbaut and Hanafi 2008). A well-known
heuristic for the knapsack problem resolution is to rank the items from the highest to the lowest value
according to the ratio "profit/weight” and assign the items to knapsack until the capacity is filled (for more
details see Hackmann et al. (1990)).

To address the problem, we have derived from the same algorithm from Hackmann et al. (1990) three
heuristics to evaluate:

1. Heuristic 1 (H1). The reticles are classified according to the objective function divided by the place
occupied by the reticle in the reticle zone.
k=K
Py x F; i /k
Z (Pik ik/k) VR;

1
k=1

The value 1 indicates that one place is occupied by a reticle (It is the cost when considering the
well-known Knapsck heuristic).

2. Heuristic 2 (H2). It is exactly the same objective function proposed, but the number of lots L; j
allocated to the reticle at each operation is considered.

k=K
Z (Pik X Fig X Lig/k)

1 VR;

k=1
3. Heuristic 3 (H3). The third heuristic is a slight variation of the knapsack heuristic. In this version
only the closest photolithography previous operation with L; ;, > 0 is considered and the weight of
the reticle corresponds to the operation k in which the lots are attending is considered. This means
that the further the previous operation considered is from photolithography, the greater the weight

of the reticle is.
Pig X Fipx1

’ if k minimum index with L; ;. > 0 VR;

The objective function is obtained by the combination of the flexible index for reticle R; at operation
k and the highest priority between lots assigned to reticle ¢ at operation k: operation k gives a penalty to
reticle gain, depending on the “distance” between the operation and the photolithography step. To solve
the problem while integrating the arrival of lots, a rolling horizon of T is considered. At each iteration of
T, an algorithm is refreshed and the reticles currently outside the stocker are taken into account.

4 EXPERIMENTAL TESTS

We carried out experimental tests on the proposed heuristic using real data provided by the company. We
briefly describe the data and analyze the results.

4.1 Data analysis

An analysis of the extracted data showed that between all the external reticles, an average of 34% could be
considered for the storage assignments of retpod. The rest were unable to be considered for quality reasons
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or because they did not return to stocker in the reporting period. Due to the uncertainty of certain process
operations, it is necessary to define the retpod capacity C' for each period 7', so that the available retpod
locations are not exceeded. In addition, the capacity of the retpod can be adjusted by applying Little’s
law (Little and Graves 2008). We note that if we assign to the retpod compartment 25% of reticles better
classified according to heuristics, between the outside reticles (see section 4.2), the average residence time
in stocker is between 5 and 5.30 hours and 92% of occupied places is reached. We decided to take the
capacity of retpod 25% of the number of the reticles outside from stocker. With this capacity, we expect
to fill up retpod zone.

4.2 Heuristics results

The three heuristics H;, H, and H3 were tested on data extracted from different days of non-consecutive
weeks of production (same number of lots produced per week). There are approximately 13,000 lots per
week.

The rolling horizon 7' is fixed at 30 minutes. This time is considered because it represents the average
duration for a reticle to process a lot on the stepper. Furthermore, in the algorithm, we look at the state of
the upstream steps of the photolithography. We have chosen to go back until the fourth £ = 4 upstream
operations. It is not necessary to consider further operations because we would face too much uncertainty
about the arrival of lots. Also, we cannot take into account lots currently being processed in photolithography
because we do not have information on the state in which lots are (currently on the machine, awaiting
processing, already processed, etc.).

Four different indicators have been defined to measure the performances of the versions of algorithms:

1. Percentage of retpod missions,
2. Average reticle residence time in the retpod,

3. Surplus of occupied retpod places after one day of ramp up (compared with the available ones),
4. Algorithm error: Reticles stocked in retpod, but with a residence time higher than 5.3 hours.
Table 1: Results of the 3 heuristics on different production weeks

Wk 1 (Nov 2019) Wk 2 (Dec 2019) Wk 3 (Jan 2020) Wk 4 (Feb 2020)
INDICATORS H1 H2 H3 H1 H2 H3 H1 H2 H3 H1 H2 H3
Missions (%) 21%  21% 22% | 21% 21% 21% | 21% 20% 22% | 18% 17% 21%
Reticles RT(h) 4:05 4:04 429 | 424 419 437 | 521 5:18 5:39 | 529 5:11 5:53
Error (%) 2% 21% 23% | 22% 21% 23% | 31% 31% 32% | 32% 30% 34%
Surplus places (%) 7% 0% 10% | 12% 7% 23% | 22% 12% 28% | 2% 0% 23%

Table 1 summarizes the results. We notice that all algorithms return almost the same percentage of
retpod missions. We see some differences in the other indicators: the heuristic Hs involves a longer
average reticles residence time in the stocker, with the consequence that too many available places would
be necessary for the retpod compartment (the maximum occupied places of the retpod are calculated after a
transitional day). Indeed, the heuristic error is much higher than the error obtained with the other considered
heuristics. The other two algorithms have fairly similar values, even if the second, maintaining a good
average of retpod missions, provides a minor error and requires only a slight increase in the places available
for the retpod. The most notable differences are between the different periods studied: if the error in the
second two weeks is around 30%, in the first weeks, the error is around 20%. The results obtained are
not so surprising: in the last weeks we have noted a high value of hold lots. Lots can be kept hold for
reasons of non-quality specifications. When many lots are in hold condition, the proposed algorithm will
present a more emphasized inaccuracy. The results obtained show that our algorithm can greatly improve
the management of the reticles by reducing their processing times: addressing much more reticles with
a short inactivity time (residence time) to the retpod compartment, we can see that the average missions
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time decreases. The proposed algorithm can make the percentage of retpod missions increasing from 8%
to 20%: this great improvement means a reduction in average missions time of about 6 seconds, with a
consequent reduction of one stocker processing time on the day duration of more than 1 hour.

However, for obtaining the entire gain, a slightly increase in the number of retpod places in each stocker
is required to absorb the retpod surplus places highlighted in the results of experimental tests (see Table 1).

S CONCLUSIONS AND POTENTIAL RESEARCH DIRECTIONS

The paper addresses the problem of the allocation of reticles inside the storage compartment in a 200 mm
semiconductor wafer manufacturing facility. A reticle stocker consists generally of two internal storage
zones: the retpod with short retrieval time and the carousel with longer retrieval time. Not assigning the
right reticles to the right compartments can lead to bottleneck issues. We have studied the allocation of
reticles inside the stocker (retpod), taking into account the continuous arrival of lots. The problem can be
modeled as an adaptation of the classic Knapsack problem. We have proposed three different policies to
determine the allocation of the reticle in the stocker. The experimental tests carried out on real data show
a significant improvement in the management of the stockers in terms of storage or retrieval of reticles in
the retpod compartment.

A next step of the study is to improve the algorithms by considering reticle arrival times at the entrance
of the stocker: to do so, it will be necessary an in-depth analysis of industrial instances on reticle processing
time and reticle transport time from equipment to stocker. Another point to explore is to couple the internal
management of the reticle stocker with vehicle management. Indeed, when a reticle is ready to be retrieved
from the stocker loading port, an event is submitted to the AMHS controller with the request to send
the vehicle to retrieve the reticle. During this waiting time for unloading the reticle, the stocker is not
authorized to perform another task. Therefore, anticipating the vehicle travelling to the stocker is relevant
to be considered.
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