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Although the national importance of the semiconductor industry is widely acknowledged, it is only recently that the production
planning and scheduling problems encountered in this environment have begun to be addressed using industrial engineering and
operations research techniques. These problems have several features that make them difficult and challenging: random yields
and rework, complex product flows, and rapidly changing products and technologies. Hence their solution will contribute con-
siderably to the theory and practice of production planning and control. In a two-part project we present a review of research
in this area to date, discuss the applicability of the various approaches and suggest directions for future research. In this paper,
Part 1, we describe the characteristics of the semiconductor manufacturing environment and review models related to perform-
ance evaluation and production planning. Part IT will reviéw research on shop-floor control in this industry to date.

industry to date. We classify this work based on the
problems addressed. The problem areas we consider
are the following:

B The miniaturization of electronic components by
means of Very Large Scale Integration (VLSI) technol-
ogies has been one of the most significant technological
developments of the last fifty years. Improving tech-
nologies and decreasing prices have led to integrated 1. Performance evaluation. Models whose objective
circuits appearing in all walks of life. The computer is descriptive rather than prescriptive in nature, used
revolution of the past two decades is a direct result of for understanding the behavior of a given system;
the ability to develop and fabricate these components '

economically. The development of Computer-Integrated 2. Production planning. Long-term, more aggregate
Manufacturing (CIM) systems, essential to the mainte- production planning with a time horizon of months
nance of competitive edge in today’s highly competitive or weeks;

global markets, is directly linked to the availability of

the integrated circuits necessary for their implementa- 3. Shop-floor control, which addresses the questions
tion. Integrated circuits are also used in a wide range of how much material to start into the facility and -
of industries such as domestic appliances, cars and avi- how to control the material once started.
onics. Although the industry is facing heavy competi-

tion from overseas, especially from the Pacific Rim
countries, it is only recently that the operational aspects
of semiconductor manufacturing have been addressed
and attempts made to apply industrial engineering and
operations research techniques to these problems.
The goal of this paper is to provide an overview of
the semiconductor manufacturing process, its character-
istics and management objectives and review research
efforts in production planning and scheduling in this
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Clearly, there are several applications that fit more
than one of these categories. The literature on shop-
floor control is further subclassified by the approaches
used as input regulation and dispatching rules, deter-
ministic scheduling algorithms, control-theoretic ap-
proaches and knowledge-based systems. The structure
of this classification is shown in Figure 1. In this paper
we discuss the manufacturing process and management
objectives, and review performance evaluation and pro-
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Figure 1. Classification of production planning and scheduling research

duction planning models. Research on shop-floor con-
trol problems is reviewed in Part II [69].

We have focused on production planning and sched-
uling applications in the semiconductor industry at the
expense of other important areas such as product de-
sign and chip allocation [3], [35], [62], process mod-
eling and improvement (e.g., [52]) and implementation
of Just-in-Time manufacturing [49]. We have also not
included the extensive literature on lot-sizing in the
presence of random yields since a survey of this liter-
ature has already been carried out by Yano and Lee
[76). There is also a large body of industrial engineering
and operations research literature which is relevant to
the problems encountered in the semiconductor indus-
try. In order to avoid diversifying into a survey of the
entire area of production planning and scheduling, we
shall not review this literature in detail but instead give
references and discuss its relevance to problems in the
semiconductor industry, with the hope of bringing them
to the attention of practitioners and researchers. While
we have made every effort to make this survey as com-
prehensive as possible within the above-mentioned lim-

Die

Wafer Fabrication

Wafer Probe

itations, it is highly likely that some contributions have
been inadvertently omitted, for which we apologize in
advance. ’

The Semiconductor Mapufacturing Process

The process by which very large-scale integrated cir-
cuits are manufactured can be divided into four basic
steps: wafer fabrication, wafer probe, assembly or pack-
aging and final testing (Figure 2).

Wafer fabrication is the most technologically com-
plex and capital intensive of all four phases. It involves
the processing of wafers of silicon or gallium arsenide
in order to build up the layers and patterns of metal
and wafer material to produce the required circuitry.
The number of operations can be well into the hundreds
for a complex component. such as a microprocessor.
Many of these operations have to be performed in a
clean-room environment to prevent particulate contami-
nation of the wafers. The facility in which wafer fab-
rication takes place is referred to as a wafer fab. Product
moves through the fab in lots, often of a constant size

Packaged Tested Circuit
Circuit
Testing
Brand
g Burn-in
-Quality
Assurance
Assembly Final Test

Figure 2, Basic steps of the semiconductor manufacturing process
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based on standard containers used to transport wafers.
While the specific operations may vary widely depend-
ing on the product and the technology in use, an idea
of the processes in wafer fabrication can be seen in Fig-
ure 3 [14]. Brief descriptions of the various operations
are given in the Appendix. This sequence of operations
is repeated for each layer of circuitry on the wafer. De-
tailed descriptions of the technologies used in wafer fab-
rication can be found in texts on this subject such as
Sze [68] and Runyan and Bean [60].

In wafer probe, the individual circuits, of which there
may be hundreds on each wafer, are tested electrically
by means of thin probes. Circuits that fail to meet speci-
fications are marked with an ink dot.- The wafers are
then cut up into individual circuits and the defective
circuits discarded.

Wafer fabrication and probe are generally referred
to as ‘‘front-end’’ operations. The following stages, as-
sembly and final test, are referred to as the ‘‘back-end.”’

In the back-end operations, lots may vary in size from
several individual circuits to several thousand. The ac-
tual sequence of operations a lot will go through de-
pends on the product and on customer specification.
These characteristics are due to the fact that a lot is gen-
erally more closely associated with a particular order
and customer than is the case in wafer fab or probe.

In assembly the circuits are placed in plastic or ce-
ramic packages that protect them from the environment.
There are many different types of packages, such as
plastic or ceramic dual in-line packages, leadless chip
carriers, and pin-grid arrays. Since it is possible for
a given circuit to be packaged in many different ways,
there is a great proliferation of product types at this
stage. Once the leads have been attached and the pack-
age sealed and tested for leaks and other defects, the
product is sent to final test.

The goal of the testing process is to ensure that cus-
tomers receive a defect free product by using automated
testing equipment to interrogate each integrated circuit
and determine whether it is operating at the required
specifications. While the specific product flow varies
considerably, a broad idea can be formed from Figure
4. Brief descriptions of the main operations taking place
in the testing area are given in the Appendix.

An important characteristic of the testing process from
a production planning standpoint is the downgrading
or binning that takes place here. A circuit, when tested,
may not meet the specification it was originally built
for, but may meet another less rigorous one. For ex-
ample, a microprocessor intended to operate at 20MHz
may fail at that frequency but may pass tests at 16MHz,
Thus when a lot is tested a number of different grades
of product may emerge, resulting in not enough of the
desired product being available and unwanted inventory
of the lower grade product. It-is also possible to use
inventory of higher-grade product to meet demand of
a lower-grade product.

We can highlight the following factors that make pro-
duction planning and scheduling in the semiconductor
industry particularly difficult. Similar discussions can
be found in Bai and Gershwin [4] and Hughes and Shott
[36].

1. Complex Product Flows: The number of process
steps is high, and a number of these steps take place
on the same production equipment. For example,
a wafer may have to visit the photolithography work-
station eight or nine times to have all layers of cir-
cuitry fabricated. These product flows, where a lot
visits a workcenter more than once, are known as
.reentrant product flows.

i Inspection
Cleaning Etching [ nd
Measurement
gxidation Ion
eposition .
Metallization Implantation
i Photoresist
Lithography o
— P _—

Figure 3. Basic operation sequence for wafer fabrication
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Figure 4. Example product flow through final testing facility

2. Random Yields: Process yields are uncertain and vary
due to environmental conditions, problems with pro-
duction equipment or material. In the testing stage
there is also the issue of downgrading described
above. Yields for well-established products may be
predicted using historical data, but the constant in-
troduction of new products and technologies makes
yield estimation a major problem. Cunningham [18]
provides a survey and comparison of statistical yield
estimation models in use in industry. Another detri-
mental effect of yield problems is the large amount
of engineering hold time on both lots and equipment
while troubleshooting is in progress.

3. Diverse Equipment Characteristics: The character-
istics of the equipment used in semiconductor man-
ufacturing vary widely. Some machines have signifi-
cant sequence-dependent setup times, while others
do not. Some workcenters such as etching and burn-
in consist of batch processing machines, where a
number of lots are processed simultaneously as a
batch. There are critical time windows between sev-
eral processes, such as between burn-in and test
where a lot has to be tested within 96 hours of leav-
ing burn-in or repeat the entire burn-in sequence.

4. Equipment Downtime: The production equipment
used in semiconductor manufacturing is technologi-
cally extremely sophisticated. It requires extensive
preventive maintenance and calibration, and is still
subject to unpredictable failures. It is estimated that
the main cause of uncertainty in semiconductor man-
ufacturing operations is due to unpredictable equip-
ment downtime [34], [45], which is also cited as a
major contributor to the cost advantage of overseas
manufacturers.
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5. Production and Development in Shared Facilities:
Due to the constant development of new products
and processes, very often the same equipment is used
for both production lots and engineering test and
qualification lots. The conflicting goals of the man-
ufacturing and the engineering organizations add to
the confusion. '

6. Data Availability and Maintenance: The sheer vol-
ume of data in a semiconductor manufacturing fa-
cility makes data acquisition and maintenance an
extremely time-consuming and difficult task. Sulli-
van and Fordyce [67] give the transaction volume
in an IBM wafer fab as 240,000 per day. For each
operation a product undergoes, information like proc-
essing times and yields has to be stored. The con-
stant introduction of new product types to keep up
with the changing markets further complicates this
problem, which is also compounded as one moves
from the front-end towards the final testing stages
due to multiple packaging and co-production possi-
bilities.

The main focus of manufacturing strategies in the
semiconductor industry is on minimizing production
costs and increasing productivity while improving both
quality and delivery time performance. Major factors
affecting costs are yield, labor, materials, inventory,
equipment and facility depreciation and number of starts

" per week [36]. The major forces in the industry to date

have been the manufacturers of standard products in
fairly high volumes. In these operations, a common ap-
proach has been to buffer the wafer fabs against fluc-
tuations in the external demand by holding inventories
of probed die, referred to as die-bank inventories, be-
tween the front-end and back-end operations. Hence
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