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A Send-ahead Policy for a Semiconductor
Wafer Fabrication Process

Ilkyeonz Moon*

Absiract

We study a manufacturing process that is quite common in semiconductor wafer fabrication of
semiconductor chip production. A machine is used to process a job consisting of J wafers. Each job
requires a setup, and the i, setup for a job is successful with probability p. The setup is prone to
failure, which results in the loss of expensive watars. Therefore, a trial run is first conducted on a
small batch. If the set up is successful, the test is passed and the balance of the job can be
processed. If the setup is unsuccessful, the expsed wafers are lost to scrap and the mask is
realigned. The process then repeats on the balance of the job. We call this as send-ahead policy and
consider general policies in which the number of w:fers that are sent ahead depend on the cost of the
raw wafer, the sequence of success probabilities, :nd the balance of the job. We model this process
and determine the expected number of good wafers per job, the expected time to process a job, and
the long run average throughput. An algorithm to minimize the cost per good wafer subject to a de-

mand constraint is provided.

1. Introduction

This paper is concerned with a manufacturing process that is quite common in semiconductor
wafer fabrication of integrated circuit (IC) or cip production. The production of semiconductor
chips is accomplished in several stages that beg'ns with raw wafers of silicon. Refer to [1,2,3.5.
6,7.8] for a more detailed description of semico: ductor chip manufacturing. Wafers are grouped
in lots (or jobs), the members of which travel tygether in a standard container and are destined
for conversion to the same final product. The lot size, usually between 20 and 100 wafers,
differs from one product to another within the sime facility.

We concentrate on a photolithography process at the first stage of IC production, which is
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called as wafer fabrication. Coming into the photc lithography process. a4 wafer 1s coated with a
light sensitive material called photoresist, which i then exposed to a ultraviolct hight through a
mask that reflects the designed circuity to be bilt on to the wafer. The cxposure step 1s one
of the most sensitive and failure prone steps in ~zafer fabrication, and most of the scraps take
place, If the test shows that the designed circuit exposed in the photoresist docs not meet de-
sign specifications {(due to, for example, misalign aent of the mask), then the photoresist layer
will be stripped away and the above process rwmst be repeated. To reduce the number of
scrapped wafers, it is a common practice to cond 1ot trial runs involving small batches. We can
describe above process as follows: A machine is used to process a job {or lot) consisting of J
wafers. Each job requires a setup that consists f aligning a mask. The i, sctup tor a job s
successful with probability p; and unsuccessful w th probabilityv [—p. For example, if p, is in
creasing in 7. it indicates the effect of learning. The setup is prone to failure, which results in
the loss of expensive wafers. Therefore, a trial -un is first conducted on a small batch (say,
one or two units). After the setup. the batch i exposed and developed while the balance of
the job waits until a test is performed several st: ges later. If the set up is successful, the test
is passed and the balance of the job is then exp sed and developed. If the setup is unsuccess
ful, the exposed wafers are lost to scrap and th - mask 1s realigned. The process then repeats
on the balance of the job. We call this as send:aead policy. Here we consider general policies
in which the number of wafers that are sent ah: ad depend on the cost of the raw wafer, the
sequence of success probabilities, and the balance of the job,

We mode! this process and determine for every policy the cxpected number of good wafers
per job, the expected time to process a job. anc the long run average throughput. Using this
information we develop an algorithm to minimiz. the cost per good wafer subject to a lower
bound on the long run average throughput. We st ow that the form of the optimal policy 1s data
independent and consists of sending ahead one vifer at a time up to the &, setup when the
balance of the job J—k+1 is exposed and develoed. We also consider the case of different job
types. We address the problem of maximizing tl: expected weighted sum of good wafers sub

ject to an upperbound on the expected time to p1acess a weighted sum of jobs,

2. Preliminaries and Optimality of the k-split Policy

Data

J :job size (number of wafers that belong to a j-bh).
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s set-up time for the machine,
¢ processing ume of the machine per wafer,
p: - probability of success for the 7, setup for a b,

Let do(y, x) be the expected waiting time fo: the balance of a job size v when x<<y wafers
are sent ahead. Define d{yy)=0. We assume th1. d(y.x) is non-decreasing in x<y and indepen
dent of y. Denote o(y, 1) by 4 for all y>1.

For fixed k(1<k<J), consider a policy that allows & setups. We denote the policy as a
k-setup policy. The set of these policies consists of & positive integers x. i=1.-.k adding up to
J. By a k-split policy we mean a k-setup polic© for which x=1. i<k—1 and x,=J—k+1. We
now compute the expected time to process a job and the expected number of good wafers for
k-setup policies. Next we show that the k-split Halicy minimizes the expected time to process a
job among all k-setup policies. We also show hat the k-split policy maximizes the expected
number of good wafers among all k-setup policie .

Let T{x.-.x: J] be the time to process a jc> of size J for a k-setup policy. Similary let G
%2 J] be the number of good wafers out of J for a k-setup policy. Define B=IT(1—p)
for =1, k.

Property 1. E7[x;---.x;; J] is minimized by the :-split policy.

Proof.
ET[x.x ]
=F[time to process a job of size J|1st setup .3 fail P|1st setup is fail ]+
Eltime to process a job of size jlist setup i. successful JP[ st setup is successful]
=st+tx;+3 . x)¥pd(J—x)+T-p)ET %o x J—x,]

=s+tx+3(. x)+pt J~x)+ T-p)stix. 4+ —x, x)+pt T~x,—x)]
FI=p)I=p) [st+tx, 4o —x,— 2. x)+pt(J —x,—x.— )]+

FI=p)-UT—p; MNs+ix, T —x,—~x o xp dhp dT~x——x )
HI—phld—p, s+t —x——x )]

=t]+s I+ T —p)+ (I p)I—p+--T=p)(I—1 e I—py )]
tolJ. x)+U—p)dJ—x. x) -+ I—pXI—g - AT—p; VT2, ~x » 2.,

ST SRR 0[S xx)

Since ET[x.-.x: J1 is independent of x, and f’s are positive, the largest x. i.e. x.=J—k+1

minimizes ET[x,.---x./]. W
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Property 2. EG[x. --.x:; J] is maximized by the L-split policy.

Proof.
EG[x1xi J1= pxrtp T —x)+U—p) EG %2 %] —x1]
=P, J+U-p)p:U—x)+T-p)—p)p, T —x:— 20+
+T—p)-U=pedpT—xi— —x- )+ T—p)UT—p DT~ 2,7 —x,_1)
=J1-11" T=p)] =2 —p)I-T[}-. (I—p)]— -
=21 I=p)-T—pe- ) [I-TT- (I —p))]

:Ju—ﬁk)—gu-%) Bx,

Since B/s are decreasing in £, the largest x;, 1.¢. x,=/J—k+1 maximizes EG[x.-x: J]. W

Remark. One industrial process that we are faruliar with used two units in each trial, it is
hence of interest to know how does this comparc with the single unit trials (k-split policy) for

fixed £. Let EBI[1,--,1.J—k+1:J] and EB[2.-,, J—2k+2:J] donote the expected number of
bad units under the two policies, respectively, for a given lc342L. From Property 2, it easy to

derive the following equation:
EB[2,--,2, J=2k+2.J]-JB=2(EB[1.-,1, J—k+1: J1-Tp).

Since f,=(1-p,) (1—p,)--{1—p,) is typically viry small, the above equation implies that the
expected number of bad units under the two-uni trials is almost twice as much as that under

the k-split policy. R

Let ETUAH)=ETI[1.---,1. J+1—kJ_ be the exp «cted time to process a job for the k-split pol
icy, k=1,---.J. Similarly let EGU, k©)=EG([1,---1, J+1—k: J] be the expected number of good
wafers for the k-split policy.

Property 3. ET(J, k) is increasing concave.

Proof. For all 1<k</J,
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AETJ. K)=ET(J. k+D—-ET (. k)
k k i1
StIts(T B+ T g0 U L 1)
! k-1 ) i1
s B - B U 1)
-0 i1 (-1
=it & > 0.

NETU, R =BT k+D—ALT, k)=—(sfpis + 3 0)<0. H

Property 4. EG{J, k) is increasing in k. Moreov:r EG(/, k) is concave if either (1) p;=p for all

0o

1 (2) p; is decreasing (3) =<p, is increasing.

Proof. For all 1<£</J,
ANEGU, FY=EG(J. k+1)—EGU. k)

k

K
:]‘[_\:1 /31"/;.%1(]_11{)* U‘I:] | z_ﬁk(]"lﬁ’]”
:([))/.-‘/5)/,»4,1) (]']f)>0
since J>k and fB;'s are decreasing in £,
MEGU, F)I=aEG(]. k+H1)—AEGU, k)
= 7,[;1( {[]‘/f] ip».ﬂ—p;;u (1‘1 ~~1” + pm(l—pm):.

Hence, it is enough to show that
Divi— Dre2 (i —pie ) 20,
This is obvious for (1) and (2) above. For (3) note that

P2l —pie)) < ‘é—[) 2 = _é < prr M

3. Minimizing cost per good wafer subject to a demand con-
straint

Let G, be the number of good wafers in the 7z, job and let T, be the time to process the n,

job. Since G, T, are i.id. and P,iG,>0f > 0 :nd PA{T,>0! > 0, the reward renewal theorem

applies and the long run average throughput is E‘g Here, we want to minimize the cost per

good wafer subject to the condition that long run average throughput is large enough to satisfy

demand rate, say d. Let ¢ be the cost per wafer For fixed k,
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P1
Min cJIEG . x:J)
st EG [xz-"',xk;]] > dET (xth]]

Equivalently the objective in P1 can be replacec. by Max EG x,.--.xJ .
From Property 1 and Property 2. we get the fol cwing obvious Property.

Property 5. Given £, the k-split policy is optimal for Pl if it is feasible. Else. there is no feas-
ible k-setup policy.

From the above it is clear that the k-split peicy is optimal among all send ahead policies.
From Property 3 and Property 5, we get the follo ving algorithm that finds the optimal value of
k for P1.

Algorithm

Step 1. Set k=] and x=1 for i<k, x,=] —k+1
If 1t is feasible, it is overall optimal. Stop.
Else, go to Step 2.

Step 2. k<k—1 and x=1 for i<k, x;=] —k+1.
If it is feasible, stop. Else go to Step 3.

Step 3. If k=1, stop. This problem is infeasible
Else go to Step 2.

Example. J=18, s=5, t=0.5, p=(0.30, 0.32, 0.33, .35, 0.36, 0.38, 0.40, 0.40. 0.50. 0.55. 0.56. 0.
60, 0.70, 0.75, 0.77. 0.78, 0.79, 0.80), 3y, x)==5+- if x<y, d==0.38 After applying above algor
ithm, we get #*==8 Then, the optimal number of trial runs is 7 and x’ =1 for ;<% and x. =11,

EG[x.x¢J1=15.491 and the long run average tt -sughput becomes 0.35. W

4. Maximizing expected weighted sum of good wafers subject
to a processing time constraint.

Now we consider the multiple job types. Conside - the program
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Max, oy o, Y nEGU. k)

N
st :] bET, Ji. k) < M

For example, if management has decided to jrcess b; jobs of type i and the profit per good
wafer is m, then above program maximizes the expected profit subject to a restriction on the
total expected time to process all the jobs. We orovide a heuristic algorithm based on the mar
ginal allocation algorithm (see [4] for the details of the algorithm). Since ET.(J. k)'s are con-
cave function, the algorithm cannot guarantee t) produce an optimal solution. See Fox [4] for

the conditions for which the marginal allocation igorithm generates an optimal solution.

Marginal Allocation Heuristic
Step 1. Start with k"=e. Set j=].
Step 2. K=k ' + ¢. where e, is the i, unit vector and 7 is the index for which A& EG.(J.,
B YBAET(J. k') is maximum,
Step 3. 1f b ET.(J. ki) > M, terminate. W: get a solution # ' Else j«<4+1 and go to Step

2.

5. Conclusion

We have studied a photolithography process in he semiconductor chip prodiction. To reduce the
number of scrapped wafers, it is a common pract ce to conduct trial runs involving small batches.
The policy has been called as send-ahead policy. We have derived the expected number of good
wafers per job, the expected time to process a j b, and the long run average throughput for the
policy. The k split policy is shown to be an optin i policy among all send-ahead policies. We have
developed an algorithm to minimize the cost per rod wafer subject to a lower bound on the long
run average throughput. The problem of maximiing the expected weighted sum of good wafers
subject to a processing time constraint has been a 35 addressed.

There are several interesting areas related to  emiconductor manufacturing processes in which
operations research techniques can be applied. P oduction planning models for analyzing the sys-
tem characteristics of various wafer fabrication processes, scheduling the electronic fabrication
facilities, and wafer design problems arising fom the fabrication process of printed circuit
boards and integrated circuits are some of the :reas which need intensive investigations, Refer

to [1,2.3,0.6.7.8] for some the research in this fi- Id.
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