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Abstract— The main challenge in scheduling multi-cluster
tools in semiconductor manufacturing is the interactions among
clusters. These interactions create a k-unit optimal production
that do not exist in single-cluster tools. This paper analyzes
optimal scheduling of k-unit cycle production of multi-cluster
tools with single-blade robots. A resource-based method is
used to analytically derive closed-form expressions for the
minimal cycle time of a multi-cluster tool. Conditions for
decoupling multi-cluster tools and optimality conditions for the
widely used pull schedule are also presented. An example from
industry production is used to illustrate the derived formula
and decoupling conditions.

I. INTRODUCTION

With the increasing complexity of semiconductor manu-
facturing processes, multi-cluster tools are used to accommo-
date the industry needs !. For a multi-cluster tool, such as the
2-cluster tools shown in Fig. 1(a), there are multiple robots to
transfer wafers among various clusters, and each robot serves
within one cluster. Each cluster consists of process modules
(PMs), transport modules (robots), and load locks (cassette
modules). Each wafer is picked up by a transfer robot and
moved to PMs according to predefined routing sequences
(recipes). The robot in a cluster tool can be single-blade or
double-blade. A single-blade robot can hold only one wafer
at a time.

The goal of this paper is to provide a methodology to
analyze the k-unit production cycle time and to optimally
schedule robots in multi-cluster tools. We consider an M-
multi-cluster tool that is composed of M single clusters con-
nected in a tree-like layout, that is, no loop inter-connection.
Only one- or two-wafer capacity inter-cluster buffers are
considered here. Fig. 1(b) shows an example of a 10-cluster
tool.

A multi-cluster tool can be considered as several intercon-
nected single clusters, or robotic cells. The main complexity
of scheduling of a multi-cluster tool comes from interac-
tion dependencies among individual clusters. The “pull”
(or reverse) schedule for single-blade robots is discussed
as the optimal schedule for single cluster tools [1]. In
the pull schedule, the robot is sequentially moving wafers
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Fig. 1. A schematic of (a) a two-cluster tool and (b) an inter-connected
10-cluster tool

from one PM to the next PM. In [1], a polynomial time
algorithm is provided for finding the optimal one-unit cycle
schedule under constant robot moving time. Heuristics and
approximation algorithms dealing with k-unit cycles in a
single robotic cell have been studied in [2], [3].

For multi-cluster tools, a few results have been reported
recently. In [4], a robotic cell with three single-gripper
robots for semiconductor manufacturing is presented, and
the authors compared the throughput of the pull strategy by
simulation. In [5], an integrated event graph and network
model is used to find all optimal schedules for a multi-cluster
tool. The recent study [6] presents an analytical schedul-
ing scheme for multi-cluster tools using a decomposition
approach. Chan er al. [7] extend the results in [6] with
a consideration of non-zero robot moving time. However,
neither [7] nor [6] does consider the multiple-unit cycles.

The focus of this paper is on the throughput and robot
scheduling of k-unit (¢ > 1) production of multi-cluster
tools. This paper is an extension of the previous work in [5]—
[7]. The contributions of this paper are twofold. First, we
use a concept of resource cycles that is first proposed in [7]
to quantify the dependencies among clusters in a multi-
cluster tool. The unified treatment of all resources allows
us to identify the interactions among single clusters. Such
interactions can cause that every single cluster repeats its
one-unit schedule for k times before the whole multi-cluster
tool returns to the original state at the beginning of these one-
unit schedules. We call this repeated schedule as k-unit cycle
production. To our knowledge, these phenomena have not
been studied in the literature. Second, we establish conditions
under which a multi-cluster tool can be decoupled into single
clusters so that existing efficient algorithms for single cluster
tools can be used to find optimal schedules.

The rest of the paper is organized as follows. In Section II,



we introduce notations and the concept of resource cycle for
single-cluster tools. In Section III, we present the optimal
scheduling analysis. The decoupling conditions are discussed
in Section IV. An industrial example of a multi-cluster tool
is presented in Section V before we conclude the paper.

II. RESOURCE-BASED CLUSTER-TOOL SCHEDULING
A. Notations and problem statement

We consider the following assumptions for M -multi-
cluster tools: (1) All wafers follow an identical flow that
visits each PM only once (multiple parallel PMs is con-
sidered as one PM); (2) The cassette modules always have
wafers/spaces for robot to pick or place at any time; (3) All
the activity times are deterministic; and (4) Buffer modules
have either one- or two-wafer capacity. We define an m-
branch-cluster tool (Fig. 2) as a branch of an M -multi-
cluster tool. An m-branch-cluster tool consists of m single
cluster tools in series, each of which connects to exactly two
neighboring single clusters, except the leaf (ending) and the
head (starting) single clusters, which connect to only one
neighboring single cluster. We also use the word “job” to
represent “wafer” in all subsequent discussion.

Fig. 2.

A schematic of an inter-connected m-branch cluster.

We assume that single cluster C; 2 i=1,...,m, consists
of ¢; number of PMs, denoted by P;;, j = 1,...,¢;, and a
single-blade robot R;. Here we consider the buffer module
connecting C; and C,;; as one of the PMs belonging to C;,
and we denote b; as the index of the buffer module P;,.
For a single-space buffer module, both the inlet and outlet
jobs share the same space. For a double-space buffer module,
Pip,.1 and Pj, .2, respectively, the first (from C; and C;y1)
and second buffer (from C;;; back to C;) spaces of the
buffer module. For C;, the processing time for buffer P;,
is denoted by t;,. For C;; 1, the buffer module serves as
cassette modules. The index of this cassette module is “0”
and the processing time is denoted by ¢; 1 ¢. No real wafer
processing is taken in all buffer modules, namely, t;;, =
ti+1,0 = 0. We however keep these notations for capturing
the dependencies among clusters in later sections.

For cluster C;, let ¢;; be the processing time for module
P;j, €; be the time to load/unload a job to/from a PM,
and ; be the robot move time between any pair of mod-
ules/buffer/cassette within C;. To facilitate later discussion,

2As [6], we define the decoupled single-cluster C; as the ith single cluster
detached from a multi-cluster tool by replacing the buffer modules with
virtual PMs and infinite number of jobs and spaces at the input/output
module. With a slight abuse of notation, we use C; to indicate the ith cluster
of a multi-cluster tool and the decoupled ith cluster without confusion.

we define Q5 = 2€i+5i+tz’j, ﬁT = 2(€z+57)7 ﬁf‘ = 51—57‘,,
agj = a;; —t;;. We assume that the wafer processing at each
PM starts right after the robot places an unprocessed wafer
inside that PM. As a result, we only consider the sequencing
and scheduling of robot movement activities. We define an
activity A;; associated with P;; in C; as three consecutive
actions taken by robot R;: (1) unloading a job from F;;,
(2) traveling from F;; to F; j41, and (3) loading this job
into P; j41. Activities A;o and A, represents the actions
of loading/unloading a job from or to cassette modules. We
take the same treatment for buffer modules with activities
Ai,bi—l and Aibi-

We consider a omne-unit wafer cycle as a sequence of
feasible activities consisting of every activity exactly once
and during which, exactly one job is imported from and
exported to the cluster tool. The one-unit cycle time (or
simply cycle time) is the minimum time required to complete
the one-unit wafer cycle. For a single-cluster tool, after a one-
unit cycle, the tool returns to the same state as the beginning
of the cycle. However, this is not always true for multi-cluster
tools. A concept of resource cycle will be used to capture
such repeated cycles.

A one-unit cycle schedule in C; is determined by the robot
movement sequence m; = (Azj, Aij, -+ Aij, ). An optimal
schedule 7} maximizes the throughput and therefore mini-
mizes the cycle time T;(7;). We can view a one-unit cycle
robot schedule for an M-multi-cluster tool is determined
by two steps: the first step considers only a combination
of all individual robot schedule 7w = (my,7a,..., 7).
The second step is to coordinate all m;. To capture the
robot coordination among clusters, we consider the dis-
tribution of jobs (wafers) among clusters. We denote the
job distribution among an M-multi-cluster tool as n =
(n1,n2,...,npr), Where n; is the number of jobs in C;.
We denote T;  (mi,..., Tm; M, ..., Ny) the cycle time
of an (m — ¢ + 1)-branch cluster tool with the first to the
ending cluster tools indexed from % to m and under schedule
(miy ..., Tm) and job distribution (n;, ..., n.y,).

B. Resource-based optimal schedules for single-cluster tool

For C;, we define the push strategy as a schedule with
activity indexes (A;pAi1 - - Aic,;), namely, in an increasing
order starting with A;yoA;1, and the pull strategy as a schedule
with activity indexes (A;0A;c, - - - A;1) in an decreasing order
starting with A;0A;.,. We denote the cycle time for the push
schedule as TiF =06+ Zle{l,_“’ci} ayy. In [7], we define an
activity chain in a single cluster is a sequence of activities
(excluding A;o) with consecutively increasing order indexes
appear (not necessary adjacently) in a schedule. Activity A;g
itself is also an activity chain. We have the following result .

Lemma 1: Given a schedule m; = (A;j,Aqj, "'Aijw) for
a single-cluster tool, the number of activity chains is equal
to the number of jobs n; in the tool under ;.

For example, for schedule m; = (A;pAisAi1Aiz), ny = 2
since, excluding A,g, there are only two activity chains in

3Due to the page limit, all proofs of lemmas and theorems are omitted
in this paper. The details of all proofs can be found in [8].



;. We note that n; is a function of ;. Also, n; = 1 under
the push schedule and n; = ¢; under the pull schedule.

We also define a resource as a physical object performing
certain timed activities, for example, PMs, robots, buffers,
and jobs. The one-unit resource cycle (or simply resource
cycle) of a resource is a sequence of activities that, (1)
starting from a particular state, returns the resource to its
original state if the resource is a PM, robot, or buffer, or
(2) starting from a particular activity chain, advances the
resource to the next activity chain if the resource is a job.
The resource cycle time (RCT) of resource (), denoted by
RCT(Q), is the minimum cycle time duration for a resource
to perform all the activities in its own resource cycle without
extra waiting for other resource cycles.

In a one-unit cycle, since A;y advances a new job to A;;
and each of the other n; jobs advances to the next activity
chain, all the activities chains repeat exactly once. Given a
schedule m; = (Agj, Aij, "'Aijci), the resource cycle for
P;; is the sequence of activities from A;; to A; ;_; inclu-
sively, namely, RC(PU) = (Aiinjl s Aijk<”>Ai,j—1)~ Let
TA(Pij) = {j,j1,- -+ Jr(r)»J — 1} be the index set of the
activities in the resource cycle of P;;.

From [7], we know that all process and buffer modules
can be categorized into two types of resources: AP =
{i1(Aij-14i5) € mi}, and AT = {jl(Ai;-14;) C m},
where AP is the index set of resources whose resource cycle
is different from the robot cycle, and AZR is the index set of
resources whose resource cycle times coincide with that of
the robot. We define the unavoidable activity set UA(P;;),
as the index set of js and the activities contained in both
IA(PZJ) and AR, namely, UA(P”) = {IA(PZ])ﬂAf?'}U{j}
From [7], we have

ROT(Py) = (LA(Py)| = [UA(PG)DB:+ D au,
keUA(Pij)
where | - | denotes the cardinality of a set, and
RCT(R;) = (ci +1— |A[)Bi + Z Qg
JEAR

The following lemma from [7] gives a lower bound of the
tool’s cycle time.

Lemma 2: For a single-cluster tool, the one-unit cycle
time 7T;(7;) under schedule 7; satisfies

So far our discussion on the resource cycle of a job only
focuses on a one-unit cycle. We now describe the complete
resource cycle of a job. We define the complete-job-resource
cycle time as the minimal total time for a job to be processed
and exit the whole single-cluster tool without extra waiting
inside the tool. The complete-job-resource cycle time is equal
to the sum of the times for all activities chains, which is
also equal to the cycle time T of the push schedule. Since
the total number of jobs produced during a complete-job-
resource cycle time is n;, we also call the complete-job-
resource cycle time as n-unit job-resource cycle time and

the corresponding cycle is called the n-unit job-resource
cycle. The average n-unit job-resource cycle time (or simply

average job-resource cycle time) (AJRCT) is the average
T

i

time for a job to go through one activity chain, namely, —.

For a single-cluster tool, the AJRCT cannot dominate
the whole cycle time. Intuitively, this observation results
from the fact that the AJRCT in every one-unit cycle is
less than the one-unit cycle time due to no congestion
(blocking) is assumed at the input/output module. Because
the AJRCT never dominates the whole one-unit cycle time,
most literature do not include them in computing the cycle
time for single-cluster tools; see [1]. However, the AJRCT
would be useful in in the analysis of multi-cluster tools
dealing with multiple parts.

In [1], a concept of basic cycles is proposed. A basic
cycle dominates all other schedules in the sense of having
smaller cycle times and is a schedule with activity indexes in
decreasing order except those in A®. We have the following
results.

Theorem 1: For a single cluster under a basic cycle
schedule m;, |[TA(P;;)| = |UA(P;)| + 1, for all j €
AF. Moreover, the one-unit cycle time T;(m;) is T;(m;) =
max {manGAf {RCT(Pij)},RCT(Ri)}}.

III. SCHEDULING OF MULTI-CLUSTER TOOLS

In this section, we first discuss the job distribution among
a multi-cluster tool. Then we discuss the minimum cycle
time analysis for an m-branch and M -cluster tool.

A. Job distribution in a multi-cluster tool

In an m-cluster tool, we need to specify the job distribu-
tion to completely determine the cycle time. We represent
the number of jobs in cluster C; in terms of n;, the number
of jobs in the corresponding decoupled single-cluster tool.
Moreover, the jobs in the buffer module P;, is considered
as jobs belonging to C;, instead of C,; ;. It is necessary to
explain when and how the job distribution in C; is defined.
First, the number of jobs in C; in a multi-cluster tool is equal
to the number of jobs in that single cluster during the steady
state operation after A;y and before A,.,. Second, it would
be helpful to consider the initial job location. For C; with
a double-space buffer, let n; be the number of jobs that is
determined by Lemma 1. The initial job location is to have
one job only in the beginning PM of each activity chain
except the chain that includes the buffer: (1) When the job
distribution is n; — 1, then there is no job in the activity chain
that contains the buffer; (2) When the job distribution is n;,
then the activity chain that contains the buffer should have
one job in the first buffer space only; and (3) When the job
distribution is n; + 1, then the activity chain that contains the
buffer should have totally two jobs in the two buffer spaces.
For C; with a single-space buffer, the job distribution and
initial location is the same as in Case (1) above.

Let us consider a 2-branch cluster (Cy, Cs) under schedule
(w1, ). Let n; be the number of jobs in C; (when it is
decoupled from the other one) under schedule 7;, i = 1,2
respectively. The number of jobs could vary under (7, ms2).



If Py, is single-space, then the total number of jobs N =
ny + ng — 1 is distributed in C; and Co as (n1 — 1,n9);
if Py, is double-space, N can then be the following three
cases: () N =nj +ng — 1 and distributed as (n; — 1,n2);
(b) N = nj + no and distributed as (n1,m2); and (¢) N =
ny + ns + 1 and distributed as (n; + 1,7n2). The analysis is
given in [8].

B. Minimum cycle time and optimal schedules

We define the minimal cycle time is the smallest cycle
time over all possible job distributions under the same
given schedule in a multi-cluster tool. Let TP (m;;n;) and
T:Si (mi;n;) denote the cycle times of the decoupled cluster
C; with zero processing time at Pj, (i.e., t;», = 0) and
processing time tg, at Pj, (i.e., t;p, = tg,), respectively.
From [8], we show that the job distributions n; — 1 and
ny + 1 in C; can be treated as ny, and TP (m;ny — 1)
and T?(mwi;ny + 1) are thus equal to TV (mwi;n1). In a
multi-cluster tool, although all the robots can work in a
coordinated fashion to improve the over-all cycle time, such
a collaborative robot movement cannot reduce any single-
cluster’s cycle time more than what the decoupled cluster
with ¢;,, = 0 can reach. This observation is summarized in
the next lemma.

Lemma 3: Let T;(m;) be the cycle time for C; when
operates collaboratively with all other clusters in the multi-
cluster tool, then T;(m;) > TP (m;) under any ;.

If we attempt to schedule the multi-cluster tool using
the decoupled single-cluster tools with all buffer modules
replaced by zero-processing time modules, it is unlikely to
obtain a cycle time equal to the lower-bound because some
clusters are forced to synchronize with the adjacent clusters.
Therefore, it is necessary to take into account the interactions
among all clusters.

Consider a 2-cluster tool consisting of C; and Cs with Co
being the leaf cluster tool. We drop ny from 7% (72) because
ng is completely determined by 7o as shown in Lemma 1.
Let kz, be the largest PM index (if exists) in A{ smaller than
k in m; and kg be the smallest PM index (if exists) in Af
greater than k£ in 7. From Cy’s point of view, Py, is its
input/output module P»g. After R, unloads a job from it, it
will take a certain time delay before Ro loads a job to it. This
delay makes Py, from C;’s point of view, a resource with a
recourse cycle time as RCT(Py). Also, let ROT?(Pyg) =
RCT(Pag) —tao and the following theorem gives a formula
for the cycle time of a 2-cluster tool with a single-space
buffer.

Theorem 2: For a 2-cluster tool C; and C, connected by
a single-space buffer Pj, and under schedule 7w = (71, 72),
the minimal cycle time is

Th2(m1, m25m1 — 1,m0)=

¢
maX{TlS1 (m5m1 — 1)7T§(7r2),K12},
t
where T),°* (m5mny — 1) = Ty(m1;m0) gy, =ts,» ts) =
RCTO(PQO) = 32 + Z?:l ag; + P2 + Zlciq+1 oy,

p = max{p : Agdo---Asp C m}, ¢ = min{q :
AsqAs g1+ Az gy—1A2.c, T ol
52
%7 if b € AP,
_ 0 Fo2
Kz = maX{RCT(ngrTQ RS {PlkLaPIkRaRl}}a
if by € A{%,
RCTO(Plbl) = RCT(P1b1)|t1b170’ RCTO(Q) =
S5 .
RCT(Q)'tlblzo, and TQF 2(71'2) = 2 4 Z] 1 Qeoj; if

p =0 (q = cg), then the first (second) sum in tg, is zero.

Theorem 2 captures the dependencies between C; and Cs
analytically through two terms: RCTY(Py,, ) +ts, and Kio.
ts, can be viewed as Py, ’s “virtual processing time,” which
is equal to the time duration for Ry to return a job to Pip,
after Ry unloads a job from it, that is, RCT(Pyy). K12
is the AJRCT, representing the n-unit job-resource cycle,
which is the phenomenon appearing in scheduling multi-
cluster tools but not in single-cluster tools. The Kio term
is due to interaction between the two single clusters. We can
extend the results in Theorem 2 to an m-branch tool [8].

Corollary 1: For an m-branch-cluster tool under a sched-
ule 7 = (71, 72,...,Ty) and all buffers are single-space,
the minimal cycle time is

Tl,..., (7717 <. 7Tm)
_ N 0
—max{KrZIi%( 1T (i), T (mom), it 1KU}’(2)
Jj>i
whereT i(m ) (777)|be _fs , ts, = RCT°(P, 5+1,0), for
b; € Af i £m,j=1i+1,. -1,

5 06,
RCT®(Pip )+> %, T " +RCT® (Pro)

K = it (=14 ’
Ko — RCT® (Pi, )+Z;cn L TISpOJk +TF5m
e Ek,l+1("k 1)+nm ’
RCT°(Py,) = RCT(Py,) tip,=0> RCTO(Py) =
B+ YPiay + B+ D g1 Qils D =
max{p; AigAi - Aip, € m), ¢ = min{g
05,
A1q7 AZ ,qi+1° Az c7—1Az c; g 7Ti}, TiF -
B+ Zz L Qil F Qg i = Leeom —
and TE™ = B + X0 . I 3i such that
b; ¢ AP, then the term RCT(Py,) in K;; becomes

max{RC’TO(Q) :Q € {PikL(Pibi),PikR(pibi),Ri}}, where
PikL(pibi) and PikR(pibi) have the similar definition as in
Theorem 2.

For a 2-cluster tool C; and Cs, when the buffer is double-
space, there could be three possible cycle times that are given
in the following theorem.

Theorem 3: For a 2-cluster tool consisting of single-
cluster tools C; and Cq connected by a double-space buffer
Pyp, and under schedule w = (7, m2), the three possible
cycle times are, respectively,

@) Ti,2(m1, mo5m1 —
(ii) Th2(m1,m2;11,n2)

1,n9) is the same in Theorem 2.
= max{T7 (m1;m1), T3 (m2) };



(iif)
Ty 9(m2, Ta;m1 + 1,m9) = max{T(m1;n1), T5 (m2), RR12}

where RR12 = RCT(Rl) + ROT(RQ) + 2(61 + 62) —
(RCTO(Pyp,) + RCTO(Pay)).

From Theorem 3, we conclude that given a schedule
m = (71, 72), the optimal job distribution is (n1,ns) if the
buffer is double-space and (n1 — 1, ng) if the buffer is single-
space, where n; and ng are determined by Lemma 1. One
main reason for deriving the closed form expression for the
minimal cycle time is that the closed form expression reveals
the structural properties of the cycle time, and thus allows
us to develop efficient algorithms to finding the optimal
schedule. The following theorem states that the optimal
schedules for a 2-cluster tool can be found in polynomial
time. The results derived for scheduling branch-cluster tools
can be extended to find the smallest cycle time of an M-
cluster tool [8].

Theorem 4: Finding an optimal schedule for a 2-cluster
tool can be solved in polynomial time.

IV. EFFICIENT SCHEDULING OF MULTI-CLUSTER TOOLS

In this section, we develop conditions under which a multi-
cluster tool can be decoupled such that existing efficient
algorithms for single-cluster tools can be used to find the
optimal schedules. We also derive optimality conditions
under which the pull schedule is optimal.

Lemma 4: For a 2-cluster tool with a single-space buffer,
the two dependency terms RCT°(Py,,) +ts, and Kjo in
Theorem 2 are minimized under the pull schedule (7}, 75),

(nl,7b) = a(rg mi)n{RCTO(Plbl) +ts, }s (3a)
1,72
(nf,78) = a(rg mi)n{Klg}. (3b)

We define the concept of decoupling equivalence (DE)
is a property of an M-multi-cluster tool with which the
throughput of the tool is equal to the maximum throughput
of the M decoupled single-cluster tools,

max TP (r;), max TS (;) }

., TM) = max 4 1
i€QpUL i€Qs

Ty . m(m, ..
where TZO(TQ) = TZ(T(') tib,; =0 J € @?, i € Qp, Tzo(ﬂ'l) =
Ti(r), i € L (index set of leaf clusters), T;S(m;) =
T;(m) p(ibij), j € (I);-g, 7 € g, t%p(sz) = 46p(b”.) +
30p(b;;)» and Qg (<I>f) and Qp (®P) denote the index sets
of clusters (buffers) with a single-space buffer module and a
double-space buffer module, respectively.

By Theorem 3, a 2-cluster with double-space buffer mod-
ules can be decoupled because it possesses the DE property.
However, if the buffer module is single-space, the existence
of the DE property depends on the timing data and the
robot schedules. We thus consider the DE property under
the single-space buffer case. Moreover, we only provide the
conditions for b; € AF. The conditions for b; € AZ can be
obtained in a similar fashion.

tibij :t%

Proposition 1: Under schedule 7 = (71, 72), a 2-cluster
tool with a single-space buffer module possesses the DE
property iff max;—; 5 {RCT(Pjmex), RCT(R;))} >
max { RCT®(Pyy, ) +ts,, K12},  where  jmox =
arg, ., max RCT(Py;), i = 1,2.

We next focus on the DE property under the pull schedule.

Proposition 2: Under the pull schedule, a 2-cluster tool
with a single-space buffer module possesses the DE property
iff (1) at least one of the conditions (i) and (ii) is satisfied,
and (2) at least one of the conditions (iii) and (iv) is satisfied:

(1) max {tljina)c, 2(01 — 1)61 + (261 - 1)(51} Z 462 + 352;

(i) max {tgjéna)c, 2(62 — 1)62 + (202 — 1)52} > deq + 3601;

(iii) ¢z max {(01 +1)61, b1 + Ollj;m’(} > b1 +/3f1 +5§2 +
2 o and

(iv) cz max {(02 +1)B2, f2 + 012;‘;%*} > b1 +/Bi§1 +ﬂ§2 +
Z?il Q2.

Roughly speaking, Conditions (i) or (ii) in Proposition 2
imply that to satisfy the DE property, either the time for Ra
to return a job to the buffer is smaller than at least one of the
processing times at Cq; or the time for Ry to return a job to
the buffer is smaller than at least one of the processing times
(or robot cycle time) at Co. We can interpret Conditions (iii)
or (iv) similarly. Therefore, in order to decouple a 2-cluster
tool C; and C, under the pull strategy, the cluster tool should
have one long processing time (or robot cycle time) in either
C; or C,, and a short total processing and moving times at
Cs.

Proposition 3: If the pull schedule minimizes the cycle
time expression in Eq. (3), then the pull schedule is optimal.

Proposition 3 implies that the decomposition approach
in [6] indeed leads to optimal schedules because the pull
schedule minimizes the decoupling single clusters when the
moving time is zero. Moreover, Proposition 3 also general-
izes the results given by Theorem 3 in [1] to multi-cluster
tools.

In practical applications, the robot moving time among
PMs is relatively small. When the robot moving time is
smaller than the processing times, namely, t;; > d;, j =
1,...,c¢;, there is a high incentive for keeping the robots R;
moving rather than waiting at any particular PM for the sake
of a shorter cycle time. This intuition has been verified in [1]
and summarized as follows.

Proposition 4: The pull schedule (7}, 7%) is optimal for a
2-cluster tool when t;; > 6;, j=1,...,¢;, j #b1,1=1,2,
and 4eg + 302 > 7.

V. AN INDUSTRIAL EXAMPLE

Fig. 3 shows a schematic of a chemical-mechanical pla-
narization (CMP) polisher used in semiconductor manufac-
turing. CMP is widely used to planarize the wafer surface
and to enhance the photolithograph process performance.
The CMP polisher can be modeled as a 4-cluster tool
with four single-blade robots R;, ¢ = 1,...,4. A similar
system was studied in [5] under an assumption of zero robot
moving times. Here we relax such an assumption. The wafer
processing times are shown in Table II. The wafers pass



TABLE I
CYCLE TIME CALCULATION FOR THE CMP POLISHER

. T T
Time | T9(m) T,%2 (m2) | T3°% (m3) T RCT(Py3) RCT(Ps1) Kas Ky Koy | Tioza(m)
S 35 125 11 64 45 11 45 65 7 125
. 1 1
through the cluster tool as the following flow chart:
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Fig. 3. A schematic of the 4-cluster CMP polisher layout.

From Corollary 1, under schedule # = (w1, w2, 73, 74),
we obtain the cycle time of the polisher as

Ti934(m1, 2, 73, 74) = max {T7 (1), Taga (72, 73, 74) } =
t t
:maX{Tlo(ﬂ-l)v T252 (7T2)7 TSSS (7T3), Tz?(’ﬂ_él)a K237 K347 K24};

The optimality conditions specified in Proposition 4 are
easily verified. The robot pull schedules are optimal and the
resource cycle times are listed in Table I. The final one-unit
cycle time for the polisher is 125 s. For the given data, the
n-unit job-resource cycle (here n = 3) and the two buffer
resource cycles do not dominate the cycle time, and this
cluster tool possesses the DE property.

TABLE I
CLUSTER TOOL TIMING PARAMETERS

Clusters €; (s) 0; () tij (8)
C, 5 5 N/A
Ci 5 5 to1 = 90, ta2 = 30
C1 1 1 N/A
Ci 1 0 ta1 = tag = t43 = 60

We perform a large number of Monte Carlo simulations
to examine the effect of the uncertainties in processing,
loading/unloading, and moving times to the DE property and
the optimality of the pull schedule. Each simulation includes
1,000,000 replications, all following the same distribution.
In all experiments, €;,0; ~ U(0.1,10), i = 1,2 and

Fig. 4. Sensitivity analyses of DE property and pull optimality versus the
variation of robot moving and load/unload time.

€,0; ~ U(0.1,1), i = 3,4. Fig. 4 shows that when both
the robot moving and load/unload times change, the average
percentages that the DE property holds and the pull schedule
is optimal decrease quickly at the beginning but very slowly
at around 68% and 47%, respectively.

VI. CONCLUSION

This paper presented the k-unit optimal scheduling prob-
lem for multi-cluster tools with single-blade robots. The
inter-cluster interactions among multiple clusters create
the phenomena of k-unit job-resource cycles. We used a
resource-based method to analytically capture the dependen-
cies among clusters. A closed-form cycle time expression
was obtained for multi-cluster tools and a polynomial-time
algorithm to finding the optimal schedule was also pro-
vided for 2-cluster tools. Decoupling conditions and optimal
conditions of the robot pull strategy were also established
for a multi-cluster tool. A CMP polisher in semiconductor
manufacturing production is used as an example to illustrate
the proposed formulation and algorithms.
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