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ABSTRACT

This paper proposes an analytical model useful in the de-
sign of conveyor-based Automated Material Handling Sys-
tems (AMHS) to support semiconductor manufacturing.
The objective is to correctly estimate the work-in-process
on the conveyor and assess the system stability. The
analysis approach is based on a queuing model, but takes
into account details of the operation of the AMHS includ-
ing turntables. A numerical example is provided to dem-
onstrate and validate the queuing model over a wide range
of operating scenarios. The results indicated that the ana-
lytical model estimates the expected work-in-process on
the conveyor with reasonable accuracy.

1 INTRODUCTION

Driven by Moore’s Law, semiconductor wafer manufac-
turers are constantly seeking opportunities to improve pro-
ductivity while reducing costs and cycle times within their
wafer fabrication facilities (fabs). Because effective mate-
rial handling practices are significant contributors to re-
duced wafer cycle times, there is a need to streamline the
design and operations of the Automated Material Handling
System (AMHS).

The problem is that most traditional 300mm wafer
fabs are highly complex (with hundreds of processing
steps), and have high throughput requirements (over
20,000 wafer starts per month). As a result, the existing
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AMHS technology operating in a 300mm wafer fab is fac-
ing the following challenges:

1. To reduce wafer cycle time average and standard
deviation while processing larger amounts of
move transactions.

2. To maximize process tool uptimes while rapidly
responding to highly dynamic, highly variable
processing events, i.e. first wafer effects, high
product mix, high fluctuations in demand, several
different lot priorities, unscheduled tool break-
downs, etc.

3. To minimize work-in process (WIP), and possibly
minimize the use of centralized storage units
(stockers).

4. To travel longer distances within the fab, and per-
form deliveries through more complex routes, i.e.
direct tool-to-tool, floor-to-floor, and building-to-
building deliveries.

5. To reduce the AMHS capital and operating costs.

To perform timely wafer deliveries under these cir-
cumstances, the AMHS needs to be efficient, flexible, and
cost-effective. These challenges seem to become more
critical in the next wafer fab generations. It is expected
that there will be smaller transfer batches in 300mm Prime,
or 450mm wafer fab generations. If, for instance, the size
of the transfer batch changes from 25 wafers to 12 wafers,
the AMHS will have to process twice as many batches to
maintain the same wafer throughput.

Some studies have described the advantages of using
conveyors, referred to as continuous flow transporters
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(CFT), as the primary AMHS technology within the next
fab generation (Pettinato and Pillai 2005). CFTs provide
higher transport capacity, shorter and more predictable de-
livery times, and lower cost-of-ownership than other tradi-
tional AMHS methods (i.e. vehicle based AMHS). Con-
veyors also provide local buffering of material at the
processing tool level. The CFT solution for local buffering
reduces the need for large stockers or larger process tool
footprints.

To minimize cycle time in the next fab generations,
Pettinato and Pillai (2005) anticipate models of the CFT-
AMHS will have to be integrated with the equipment’s
scheduling and dispatching tools. Traditionally, discrete-
event simulation has been used for modeling the AMHS,
but these models are computationally slow. The purpose
of this paper is to present an analytical model of an CFT
that enables rapid decision making.

This paper is organized as follows. Section 2 de-
scribes the problem in more detail. Section 3 presents a
review summarizing past published literature relevant to
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our problem. Section 4 explains our CFT analytical model,
and Section 5 provides a comparison between our CFT
analytical approach and a simulation approach. Finally,
Section 6 states our conclusions and briefly explains our
future work.

2 SYSTEM DESCRIPTION

The system modeled in this paper has a typical 300mm
AMHS spine layout, illustrated in Figure 1, with a central
material handling spine and loops branching on both sides
to serve production equipment, located in bays. Auto-
mated storage units, referred to as stockers, are used to
provide both temporary buffering for work-in-process and
for transfers between the bays and spine transport systems.
In this paper, we will focus our analysis on the CFT inter-
bay system because of the heavy traffic due to the re-
entrant flow in wafer fabs. Wafers will move in groups re-
ferred to as lots.
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Figure 1: An illustration of an interbay CFT system

It is assumed that the stockers have sufficient capacity
so that lots are never blocked. Each stocker is assumed to

have both a drop-off station (sl-d ) and a pick-up station

(Sl-p ). The conveyor systems moves unidirectional, drop-

ping off lots at drop-off stations and picking up lots at
pick-up stations.

Lots in the wafer fab will have associated routes which
define the sequence of tools (and bays) a lot needs to visit
for processing. A lot that completes processing in a par-
ticular bay is placed in the associated stocker and waits to
be loaded onto the conveyor through the pick-up station.
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The demand on the intrabay material handling system is a
function of both the throughput required for the fab and the
routing of the lots.

The conveyor is specified in terms of its speed and
length. The length can be described in terms of “win-
dows”. A window is defined to hold at most one lot (given
all lots are assume to be the same size, all windows are of
equal size). The conveyor cycle time is the time required
for the conveyor to move the length of one window. The
conveyor is assumed to be constantly rotating. Further,
lots are assumed to depart from bay i via a Poisson process
with rate ; . The stocker which contains a lot waiting to
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depart places a lot on the conveyor when the first open
window arrives in front of the stocker’s pick-up station.
The time for a lot to be loaded or unloaded from the con-
veyor to the stocker is assumed to be constant and less than
the conveyor cycle time. Therefore it is assumed the con-
veyor continues to move while lots are being loaded and
unloaded from the stockers.

Turntables are used to make the 90 degree turns in the
four corners of the spine intrabay material handling sys-
tem. These turntables require a constant time for a single
lot to enter, rotate the lot 90 degrees, and the lot departs to
the next segment of the conveyor. If lots arrive to the turn-
tables at a faster rate than the turntable can rotate and re-
lease the lots a queue can develop in front of the turntable.
It is assumed that all four turntables operate at the same
speed, thus it is not possible for the downstream turntable
to block the upstream turntable at either end of the interbay
spine.

3 LITERATURE REVIEW

Several publications are concerned with analytical models
for closed-loop conveyors with multiple stations, similar to
the ones described in Section 2.

Most existing analytical models are designed for a
“general” manufacturing environment; their modeling as-
sumptions do not properly characterize conveyors com-
monly found at wafer fabs. For example, the models pre-
sented in Mayer (1960) and Morris (1962) assume that
after a load is processed on a station, if it is not able to join
the conveyor on its first attempt, it will be permanently set
aside. Schmidt and Jackman (2000), on the other hand, as-
sumes that there is no temporary storage of loads after each
station. Bastani (1988), Bastani (1990), and Pourbabai and
Sonderman (1985) assume that the conveyor has a single
loading and multiple unloading stations.

The model presented in this study is an extension of
Bozer and Hsieh (2005). Their model assumes that loads
are unloaded to (and loaded from) a queue with sufficient
capacity so that loads are never blocked. In wafer fabs,
stockers typically have amply capacity. Bozer and Hseih
also assume that loads arrive to each station according to a
Poisson process with a known rate. The Poisson assump-
tion is made by most of the aforementioned studies and is
considered reasonable for wafer fabs. It can be justified by
the high utilization of processing tools and the re-entrant
flow to all the bays, which elevates the departure process
variability (Hopp and Spearman 2000), and as a result
variability is increased making the assumption of a Poisson
distribution for move requests more acceptable. Bozer and
Hsieh (2005) also divide the conveyor in equal size win-
dows, each containing at most one load. Like in wafer
fabs, they assume the conveyor has a constant speed and
length. Lastly, they assume that the load transfer time at
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loading and unloading stations is constant and less than the
time required for the conveyor to move by one window.

One key difference between the model in Bozer and
Hseih (2005) and conveyors at wafer fabs is that the latter
uses turntables to perform 90° turns in the closed-loop
conveyor. Turntables are significantly different from the
stations considered in Bozer and Hseih for four reasons:
(1) every lot needs to visit a turntable in order to continue
in the conveyor; (2) queues before turntables do not have
sufficient capacity, which could result in a load being
blocked at a loading station; (3) queues after turntables do
not have sufficient capacity, which could block the turnta-
ble; (4) the service time at the turntable does not follow an
Exponential distribution. While many aspects of the turn-
tables are similar to the stations described in Bozer and
Hseih these four issues summarize the fundamental differ-
ences. In this study we incorporate turntables to the model
in Bozer and Hseih (2005).

To the best of our knowledge, there are no analytical
models for the interbay conveyor at a wafer fab. Instead,
the conveyor-based continuous flow transport (CFT) litera-
ture has concentrated on simulation models, for example
Arzt and Bulcke (2000), Horn and Podgorski (1998), Pa-
protny et al. (2000), and Tausch and Hennessey (2002), to
mention a few. For a literature review on conveyors mod-
els at wafer fabs, as well as a discussion of advantages and
disadvantages of using conveyors in wafer fabs, the reader
is referred to Nazzal and El-Nashar (2007).

4 ANALYTICAL MODEL

Our objective is to estimate the expected work-in-process
(WIP) on the conveyor for a given set of input parameters
expressed by the move requirements, the conveyor speed,
the layout of the stations on the AMHS closed loop track,
the turntables delays, and the window size for each lot.

We propose a two-phase approach to estimating the
WIP on the conveyor. In the first phase, we utilize the
model that was developed by Bozer and Hsieh (2005) to
estimate the expected WIP on the conveyor segment ignor-
ing the queuing delays caused by the turntables. In the
second phase, we model two pairs of consecutive turnta-
bles (the two shorter side of the spine loop) to estimate the
queuing delays caused by these turntables and the accumu-
lated WIP.

4.1 Notation

M: set of stockers in the system.

S: set of loading and unloading stations in the system.
m; : stocker i, s; €S .

A;j - mean arrival rate of move requests from m; to
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A; - mean arrival rate of move requests from m; .

A, : mean arrival rate of loads to m; .
S: set of conveyor segments.
s;: conveyor segment i, s; €5 .

w; : number of windows on segment i.

V' : conveyor speed (number of windows moved per
unit time).

«; : mean arrival rate of loads to segment i.

1

g, probability that segment i is occupied, provided
that the conveyor system is stable.

WIP,,,, : the expected work-in-process on the con-

Veyor.

Without loss of generality, we assume that the con-
veyor loop starts at stocker 1 (m, ), and the sequence of the
stockers as encountered by a travelling load on a conveyor
is assumed to be m;, my,.., m;, m; q,..., My MYy e
Each m; is assumed to have two stations (load ports): the

drop-off station , and the pick-up station . Each station can
accommodate one vehicle at a time. Thus, a loop serving
|M| stockers consists of |S|=2|M] stations. Loads encounter
the drop-off station before the pick-up station for the same
stocker.
4.2  Phasel - No turntables

We utilize the model developed in Bozer and Hsieh (2005)
that models a closed loop conveyor travelling at a constant
speed. As in our system, they assume that the move re-
quests follow a Poisson process and that the loading or un-
loading times are smaller than the time for a conveyor
window to pass a loading/unloading station, and therefore,
no queuing of the loads is possible at loading and loading
stations.

Bozer and Hsieh (2005), estimate the expected WIP on
the conveyor using the expression WIP; =) w;q; .

1

Where g; =a;/V, «; is the mean arrival rate of loads to
segment 7, s; . The ; values can be obtained by observing
that the loads passing throughs; are those that originate
from stockers upstream of s; (stockers i-1, i-2, ..., i+1) for

delivery to those downstream of and including s; (stockers
i, i+1,i+2, ..., i-2), where stocker [M+1] is stocker 1.
i-1 k-1
aj= 2 2y
k=i+1 I=i
The formula excludes any loads that will not pass
through stocker i; loads originating from stockers down-
stream of 7 to stockers upstream of i.
Phase 7 analysis provides an estimate for the expected
WIP on the conveyor assuming no turntable delays.
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4.3  Phase Il - Turntables Analysis

In the second phase, we analyze the pair of turntables lo-
cated at either end of the spine conveyor system. The up-
stream turntable processes loads placed on the conveyor by
the work stations along a particular side of the AMHS
loop. The downstream turntable process loads from the
upstream turntable as shown in Figure 2. The entire intra-
bay AMHS can be characterized by two models shown in
Figure 2. The first includes the top and left-hand side of
the AMHS and the second includes the bottom and right-
hand side of the AMHS.

Since the service times for the turntables are identical
and deterministic, the downstream table tt, will never have
any lots waiting in queue, because of the synchronization
of the two servers. We therefore only need to analyze the
queuing system for tt;. Assuming that the loads arrive to
tt; according to a Poisson process, and the turning time is
deterministic, we propose to analyze tt; as an M/D/1/b sys-
tem, where b is the number of windows between tt; and the
upstream station. We can use this analysis for two pur-
poses: (1) estimate the expected WIP waiting for tt;
(WIP,), expected queue delays (QT)), and (2) the expected
rate at which loads at the upstream loading station, namely

station Sl-p are getting blocked from getting loaded on the

conveyor (B,). This second measure will determine the
stability condition for the conveyor; if the effective loading

rate, denoted by ll-eﬁ at s ip is less than the rate of move re-

quests by s,-p , denoted by ;, then the conveyor is unable

to handle the move requests imposed by the production
system it supports.
We now have two stability conditions for the con-
veyor:
1. The condition derived by Bozer and Hsieh
(2005), which states that the conveyor system
is stable if and only if the utilization of each
segment is less than 100%; max;(g;) <1.

The condition stated above: the conveyors
system  is stable if and  only

if 2% = 4, forVie M.

4.3.1 The M/D/1/b Queuing System

As was mentioned above, the upstream turntables will be
modeled as M/D/1/b queuing systems. Buzacott and Shan-
thikumar (1993) provide a thorough discussion of analyz-
ing general blocking queues, and we will use the following
approximation for our analyses, which is also discussed by
Hopp and Spearman (2000). We will need additional nota-
tion for this part of the analysis, and we will drop the sub-
scripts since the analysis is identical for the two upstream
turntables on each side of the aisle:
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tt; : turntable i.

t : delay at a turntable (identical and deterministic).

« : mean arrival rate of loads to the turntable.

u : utilization of the turntable, assuming no blocking.
WIP :expected work-in-process assuming no blocking
p© : corrected utilization of the turntable due to block-

ing.
a® : effective mean arrival rate of loads to the turn-
table due to blocking.

jﬂ,

a
2 b1
P

u=ot

2
wip=| L] #
2N 1-u
_WIP-u
= p

(1

a?l ~
1-u

We now check for the conveyor stability:

If o <a, the conveyor system is unable to
handle the move requests because the effective
throughput of the conveyor is less than the re-
quired throughput to handle all the move requests.

If o = a , the conveyor system is able to han-
dle the move requests, and we can use expression
(1) to estimate the WIP at each turntable.

Upstream

loading unloading
Turntable tt;

Direction of flow S@4on  station

4

v |1

Window

Q\ Downstream

turntable tt,

Figure 2: Turntables at each of the interbay CFT

4.3.2 Expected WIP at the Downstream Turntables

We argued above that the tt, will not have any lots
waiting in queue because of the deterministic and syn-
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chronized turning times for all turntables. Therefore, the
expected WIP at tt, is simply its utilization: u = ot .

44  Combined WIP
We now combine the expected WIP on the conveyor

from phase I analysis in Section 4.2, and the estimated
WIP due to the delays at the turntables in Sections 4.3.

2
u
WIP. )., = 2 Wiq; + 0 +2u + 2&‘
ieS —u two downstream
. ———— turntabl,
Phase I two upstream urntables
travelling WIP tunrtables

5 NUMERICAL EXAMPLE

To evaluate the accuracy of the analytical model, we use a
fab simulation model developed and published by Interna-
tional SEMATECH (2001). The SEMATECH virtual fab
has 24 bays connected through the interbay system, and
each bay has an intrabay material handling system connect-
ing the tools within that bay. We will only use the interbay
system to validate the analytical model because of the
heavy traffic on the interbay conveyor. The system is il-
lustrated in Figure 1.

The product family modeled in the simulation is
SEMATECH’s 300mm aluminum process flow for 180nm
technology with six metal layers, and 21 masks. For this
single product family, ten products are continuously re-
leased into the facility. The wafers travel in lots of 25, and
the release rate is 20,000 wafers/month (wpm) (800
lots/month).

5.1 Experiments

This numerical study is concerned with evaluating the ana-
lytical model at a wide range of operating scenarios. We
decided to keep the processing time distributions, the proc-
ess routings and the physical location of the equipment,
unchanged and we investigated the impact of the factors
listed in Table 1 at different levels.

Table 1: Levels of Factors in the Numerical Analysis

Factor Levels
Average release rate of 9,000, 18,000, 27,000,
S and 36,000 wafers per

lots () month (wpm)

1, and 1.5 x load width
5,7,9, 11, and 13 sec
1 and 2 ft/sec

Window size (w)
Turntable turning time (¢)
Conveyor speed (V)

There are 96 unique combinations of the selected fac-
tors. The simulation model runs until it reaches steady-
state before collecting the performance statistics. For each
combination of the factors, the simulation is executed with
five replications, each runs for 100 days. For each combi-
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nation, we check for conveyor stability and then we collect
the expected WIP on conveyor.

5.2 Comparison Results

Each reported simulation result is the average of five repli-
cations. The ratio of the half width of the 90% confidence
interval to the mean for all experiments range between 1.2-
2.0%.

Tables 2, and 3 illustrate the relative error when com-
paring the analytical model with the simulation model es-
timates for the WIP on the conveyor. Within the range that
was used in our experiments, the window size has insig-
nificant impact on the relative error in estimating the ex-
pected WIP,,,, and therefore, we show the results for one
setting of that factor.

Table 2: Analytical and Simulated Expected WIP on Con-
veyor (V = 1 fi/sec, w = I)

Release | Turning WIP .,
Rate Time simula- | analyti- | rel. er-
(wpm) (sec) tion cal ror
9K 5 19.29 19.23 0.3%
18K 5 38.74 38.50 0.6%
27K 5 58.13 57.83 0.5%
36K 5 77.81 77.25 0.7%
9K 7 19.60 19.40 1.0%
18K 7 39.21 38.87 0.9%
27K 7 58.98 58.48 0.8%
36K 7 79.21 78.40 1.0%
9K 9 19.89 19.56 1.6%
18K 9 39.96 39.27 1.7%
27K 9 59.88 59.30 1.0%
36K 9 81.46 80.41 1.3%
9K 11 20.14 19.74 2.0%
18K 11 40.37 39.72 1.6%
27K 11 61.43 60.46 1.6%
36K 11 88.41 87.49 1.0%
9K 13 20.30 19.92 1.9%
18K 13 41.06 40.24 2.0%
27K 13 63.45 62.51 1.5%
36K 13 unstable | unstable | N/A

Based on this case study, the analytical model per-
forms very well with acceptable error percentages. It is
able to detect instability caused by an overloaded conveyor
or overloaded turntables. On the contrary, the simulation
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model failed to report the instability in the AMHS system
within the run time. We could only detect the instability
by examining the growing queues at the loading stations.
The analytical model indicated the AMHS inability to han-
dle the high release rates immediately. In terms of execu-
tion times, the analytical model gives the results instanta-
neously, while each simulation run takes around 15-30
minutes per scenario.

Table 3: Analytical and Simulated Expected WIP on Con-
veyor (V = 2 fi/sec, w = I)

Release | Turning WIP .o,
Rate Time | gimula- | analyti- | rel. er-
(wpm) (sec) tion cal ror

9K 5 9.95 9.81 1.4%
18K 5 19.91 19.65 1.3%
27K 5 30.02 29.53 1.6%
36K 5 40.16 39.49 1.7%
9K 7 10.22 9.97 2.4%
18K 7 20.42 20.01 2.0%
27K 7 30.82 30.16 2.1%
36K 7 41.35 40.54 2.0%
9K 9 10.39 10.14 2.4%
18K 9 21.03 20.40 3.0%
27K 9 31.90 30.93 3.1%
36K 9 43.39 42.22 2.7%
9K 11 10.67 10.31 3.4%
18K 11 21.62 20.84 3.6%
27K 11 33.05 31.97 3.3%
36K 11 47.93 46.76 2.4%
9K 13 10.91 10.49 3.9%
18K 13 22.15 21.33 3.7%
27K 13 35.01 33.70 3.8%
36K 13 unstable | unstable | N/A

6 FUTURE WORK

We are currently working with AMHS suppliers to cali-
brate and understand the important issues related to model-
ing and design of conveyors to support wafer fabs. We will
modify the analytical model accordingly to make it more
realistic.

We will also explore the possibility of modeling a
tool-to-tool conveyor analytically, rather than just for the
interbay system as was presented in this paper. In a tool-to-
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tool CFT system, the turntables are more prominent be-
cause of their presence at each intersection point. We ex-
pect that more complex queuing networks are needed to
analyze such configurations.
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