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ABSTRACT

This paper first presents a simulation model impleertito study a specific workcenter in semiconductor
manufacturing facilities (fabs) with the objective of controlling the risk on process equipment. The
different components of the model, its inputs anaittputs, that led us to propose improvements in the
workcenter, are explained. The risk evaluated inghigy is the exposure level in the number of wafers

on a process tool since the latest control performed for this tool, based on an indicator called Wafer at
Risk (W@R). Our analysis shows that measures shioeildetter managed to avoid lack of control and

that an appropriate qualification strategy is required.

1 INTRODUCTION

The strategies of semiconductor manufacturing conigs to improve their performance are based on
performance measures such as yield, throughput ald tisne. To reach these objectives, control plans
are used to supervise the behavior of process tDaks.to the complexity of this industry, a permanent
review to check the effectiveness of control stepgetessary according to Bassetto and Siadat (2009).

To manufacture an integrated circuit, wafgrass through numerous process steps such as
Photolitography, Etching, Chemical deposition and soTdrs paper is focused on a particular step of
semiconductor manufacturing: The lon Implant workcenténe aim is to analyze the behavior of its
process tools and the risk levels through a simulatiodel, and to propose and validate approaches to
reduce the risk.

Control methods are used to reduce risk. Differapproaches can be found in the literature to
manage risk. Risk analysis pretigr tools such as Failure Mode aBffects analysis (FMEA) are used
by Mollah (2005) to identify potential failures of aopess before using it and to evaluate its subsequent
effects. A prioritization of risk management measucan be found in Stewart (2001) using a risk-based
approach. Khan and Haddara (2003) introduce a method following the same approach but also taking into
account a preventive maintenance plan for procgsgment. The importance of optimizing control
plans in semiconductor manufacturing is studied by Nduhura Munga et al. (2015). They show that risk
can be reduced without adding control measurement capacity.
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In this study, the risk is evaluated as the numbevadérs processed on a process tool since the latest
control performed for this tool. The indicator is called W@R (Wafers at Risk) and corresponds to the
possible loss in number of wafers in case of malfunction of the tool during the procds®V()atienote
the number of wafers in ldt W@R denote the current wafers at risk of process tq@#V @R evolves
dynamically) andW@R(I) denote the wafers at risk when lois completed ort. Then, W@R and
W@R(l) are updated as follows when lois completed o: W@R := W@R + NW(I) and W@RI) =
W@R. If lot | that was processed on process taslmeasured, theWW@R is updated (i.e. decreased) as
follows: W@R .= W@R-W@R() (see Figure 1 as an example). le tvorkcenter considered in this
paper, a lot is measured just after having beenegsad (contrary to the defectivity control considered
for instance in Rodriguez-Verjan et al. (2013)), hevwd@R := 0 when a lot processed brs measured
(see Figure 2 as an example).

The structure of this paper is as follows. Section 2 defines the characteristics of the problem and
Section 3 presents the simulation model. In Sectionufgerical results using industrial data help to
analyze the current risk on process tools, and to compare with the case where additional products are
gualified. Finally, conclusions and futurergpectives are presented in Section 5.

2 PROBLEM DESCRIPTION

lon Implantation in semiconductor manufacturing is a doping technique. Specific regions can be
implanted with a precise control of doping leveiedifying the conductivity of the semiconductor. The

ion impacts alter the elemental composition of théewaotherwise each individual ion can cause point
defects over the wafer surface. When a lot is meadareldeck that the process tool is not defective, the
crystallographic damage is verified.

A route is the sequence of process operations nejid obtain the final product. Along its route,
each lot that usually contains 25 wafers entersraévienes into the lon Implant workcenter to receive
different processes depending on the dose levels (&rsdBaron, Phosphorus, etc.), energy (from 2 to
3000 KeV) and implant angles. The workcenter is divided in various process tool groups with different
properties adapted to each possible treatment. Tikememetrology area nearby where some lots are
measured after being processed. Usually, a lot lig pmocessed on one tool the workcenter before
being measured or directly contingito other workcenters. In somesea, a lot may have to go through
two or three consecutive lon Implant operations. Bs¢hcases, the lot can always be measured after the
first operation and sometimes after the following opena depending on the characteristics of the route
of the lot.

Over the years numerous sampling techniques in semiconductor manufacturing have been developed
as it is shown by Nduhura Munga et al. (2013). Apdanant characteristic to take into account for the
workcenter we are considering is that there isSampling Rate (defined as “1/N”, i.e. one lot is
measured after “N” lots are processed) to perform a measwrill also be interesting to tackle this issue
in the future because it has been shown that,efsilection of lots to measure is done dynamically
according to risk levels, useless measures can be avoided as proposed by Dauzére-Pérés et al. (2010). In
our study, the lots belonging to a measurable prodieflagged before entering the workcenter for the
first time, and they are measured every time thsi tfie workcenter just aftéhey have been processed.

This study is focused on building an lon Implant simulation model with all the process and metrology
tools based on the real behavior and data in a fadbg®hl is to supervise the risk of every single process
tool in terms of W@R values. Figure 1 illustrates the main information obtained by representing a W@R
chart.
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Figure 1: Wafer at risk (W@R) behavior for a process tool in the general case.

Lot
W@ R measured
L J

7'y A
J

Lot
processed f

TOTAL W@R

| W@R covered

l+

Processing time

Figure 2: Wafer at risk (W@R) behavior for a process tool of lon Implant workcenter.

The W@R corresponds to the number of wafeeg tfould be potentially impacted if a problem
occurs. As formalized in Section 1, the W@Ragbrocess tool increases each time a lot is processed on
the tool, and it decreases when a mea®f a lot processed on the témlcompleted. Measuring a lot,
which confirms that it was processed correctly on a, taalidates the quantity of wafers in the previous
lots processed on the tool. In this case, the W@mRdsced which means thaethisk is decreased. The
idea is to get dynamic W@R values for lots processetimeasured to better analyze how the workcenter
is operating. With a clearer view on how the deal Implant workcenter is running, the following steps
are: Propose new approaches to reduce the riskdirde them into the simulation model and apply the
effective approaches in the real woekter to change the current polici€air goal is to later extend this

work to other workcenters.

3 DESCRIPTION OF THE MODEL

The simulation model is divided into four parts) (bading real data, (2) Model description explaining
the flow of lots in the process and metrology to@®, Product qualification modeling, which is used to
increase the number of lots to measure and (4) Mogdputs, showing W@R values and metrology tool

indicators.
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3.1 Loading real data

It is essential for us to accurately simulate what hapjire reality to validate potential improvements. To
achieve this, industrial data are used as inputs to ilgecin the model. The data are taken from reports
that contain what actually happened in the fab. A stadéet manages this flow of lots. Lots processed and
measured are registered in a table ordered by @htre, each row contains: The date when a lot was
processed or measured, the tool which performedpleeation, the lot ID, the operation, the number of
wafers in the lot, the type of operation (processneasurement), the route name and the product name.
When a simulation starts, the data are read anldtthenter in the model following the ordered sequence.

3.2  Model description

The workcenter has 17 process tools divided incugs with different properties (Group A, Group B,
Group C, Group D). Each group has its own behavior. Hence, if the W@R values of tools of the same
group are compared, they should have be of the same order of magnitude, but tools of different groups
could show differences. There are two metrologgld, MetroO1 and MetroOZoth with the same
specifications except that one is faster.

The simulation model reproduces the arrival of the io the workcenter, their paths across various
process or metrology tools and the exit towards the peocess steps. The lot information gathered in
Section 3.1 is associated to the current lot iejgctvith all its parameters by the source called
"incomingLots”. As soon as a lot enters in the systiém dispatched to the process area or the metrology
area. In the case of the process area, there ar@fitions according to the process tool. Figure 3 shows
the structure of the simulation model.
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Figure 3: lon Implant workcenter structure.

Once in a process tool group, a lot enters the taedfby its input parameter, and then two of its
parameters are updated: Process tool and operatianTiypeurpose of refreshing these parameters is to
confirm that the lot has been procebsd®y the right tool. This is usdfto evaluate future scheduling
approaches, which could select another process tetdad of the one selected in the real data. After
leaving the process tool, for instance tool AO1, two counters for this particular tool increase: W@R and
W@R_Max. The first one increases the same numberatdrs in the lot, and the second counter only
increases if the new W@R value is larger thiae current W@R_Max. The metrology area operates
equivalently. The lot is assigned to the fixed metrplampl and two parameteese overwritten with the
selected metrology tool and to confirm that the ojpamatype consists of a easure. Again, the idea of
updating these two parameters is to propose and éediluare approaches based on switching metrology
tools. The configurations of process tool groapd metrology tools are shown in Figure 4.
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Figure 4: Process tool groups (a) and metrology tools (b).

When a lot exits from a process tool group or frib@ metrology area, a counter of processed lots
and measured lots increase. The W@R value of @epsotool decreases right after the measure of a lot
that has been processed on thigcpss tool. Hence, when a lot leaves the metrology area, the W@R
value from the tool that has performed the procgssration is set to zero, otherwise the value of
W@R_Max remains unchanged. During the simulatibere is a table that dynamically shows both
values for every process tool.

3.3 Product qualification modeling

Qualifying a product to be measured is highlyndi consuming for the engineers, since they must
elaborate the recipe for the metrology equipment. Hence, a limited percentage of lots is available for
measurement among all processed lots. Qualifying more products has been tested using the simulation
model to evaluate the benefits of this strategy usedssume that it is possible to qualify any product. The

lot, just after being injected in the workcenter and before going to process or metrology, is added to a
gueue of a fictitious “qualification area”. The qualification area must check if the incoming lot belongs to

a qualified product and, in this casee bt is flagged to be measured. The model of this area is shown in
Figure 5.

There are three main characteristics in the kEitimn model associated with qualifying a lot: The
product, the route and the process operation. As inputstables are introduced. The first table is a list
with the new products to qualify, and the second table includes all current routes in the fab with their
respective lon Implant process operations. The rousss inticate, for every operation, whether it is
possible to perform a measure or not (measuritgr &fome process operations is not allowed, in
particular for data collection reasons that couldate noise in the Statistical Process Control charts
monitoring the workcenter).

Every time a lot enters the product qualificatioraafsee Figure 5), the first check (A) consists in
verifying whether the lot belongs to a product that is qualified to be measured, otherwise, the lot is
skipped (B) and is only processed. Thidte second check (C) consistsverifying whether the lot is at
an operation in the route that allows a measure foebfermed. If this is not the case, the lot is skipped
(D) and is only processed.

2945



Sendon, Dauzéere-Péres, and Pinaton

I Qualif

| Loading
data

Waiting
Lot

E3 Lot_arrival

' :
Product ‘ - -
search | (A) Process
T | operation
_A.__Product found? Measure
T N peration
Y

o
o NS
Route
[ search _|(C) g >
Process
% operation‘
N Possible Measure? i
Y[ (D)
Lot flagged
(Lo mggea-=—;

Figure 5: Product qualification diagram.

As a final stage, if the operation can be measurgditE lot is flagged and, after being processed, is
sent to metrology. There, metrology tools now have a queue, and are configured to perform the measure
in 7 and 5 minutes for Metro01 and Metro02, respectivEthe queue management aims at measuring lots
as quickly as possible. So, if both metrology toolsauailable, the first option is Metro02 because it is
the fastest tool. But, when both tools are busy tede are lots waiting to be measured, the queue
management software calculates to which metrology tool the lot will be first assigned.

3.4  Model outputs

Our objective is manage the risk in terms of W@R for every process tool. Having relevant data and
output charts to perform the analysis are key pointe@timulation model. Thanks to the charts, we can
detect whether a process tool is over or under controlled. Each processkasdlvo parameters that are
updated dynamicallWW@R (as already discussed in Section 1) W@R_Max The updating of W@R

is discussed in Section 1 and, oMI@R is updatedW@R_Maxis updated as followsV@R_Max:=
Max(W@R_Max W@R), i.e. W@R_Maxonly increases over time.

Each time a lot finishes at a process tool group or at the metrology area, a new row is registered in a
table that is generated as an output at the end of simulation. This new row comprises: The time when the
lot was processed or measured (in seconds), thiD]athe product name, the number of wafers, the
operation type (process or measure) and the prooceksit metrology tool. The W@R parameters are
also updated.

To sum up, while the simulation model is rurpiwe can see how the W@R values of process tools
vary. When the simulation ends, two W@R tablescaeated: one with the W@R values of lots when
they are completed on their process tools W@R(l) for each lot Iprocessed on todl(see Section 1),
and another table with the value WI@R_Maxfor each process toal Also, the setL(t) of measured
lots for process tool t is stored.
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4 NUMERICAL RESULTS

The numerical results in this section are obtained through the proposed simulation model that was
implemented using the Anylogic software and witlo weeks of real data from STMicroelectronics in
Rousset, France. The data include around 21,000 process operations and 1,900 measures of lots. Two
indicators for each process todare usedW@R_Max(as discussed in Section 3.4) ANE®R_Average

which is the average of W@R valuettamed just before a lot processed towas measured, i.e. the

average of W@R values of lots in the Bt{t): W@R_Average, = Y e mLer) V:;?L}?tgll).

First, the current risk on process tools is preseint&ction 4.1. Then, Seéens 4.2 and 4.3 show the
possible improvements when a qualification strategy is followed.

4.1  System description

One of the constraints of the lon Implant workcentinasg not all lots can be measured to reduce the risk.
As already mentioned in Section 3.3, this is duthéodifficulty for engineers to qualify a new product on
metrology tools. This is why there are often no Igtmlified to be measured that are available, and
process tools reach large W@R values until asuee is performed to reduce the risk.

Table 1 shows the percentage of lots processed during two weeks in lon Implant. It is divided into 6
products that are qualified to perform a measure aaather products. The impact of lots that are not
covered for the metrology tools is 75.5%, and only 24d&%ots are candidates to be measured. This
leads to long periods without controlling process tools.

Table 1: Percentage of processed lots pedypst (only products 1 to 6 can be measured).

Products Processed lots (%
Product 1 7.8%
Product 2 3.1%
Product 3 0.8%
Product 4 5.9%
Product 5 5.8%
Product 6 1.1%
Other products 75.5%
Total 100%

4.2 Current situation

The W@R charts obtained after running the simulatiodehhelp to quickly find for which process tools
we need to take action in orderitaprove their risk level, see for ample Figure 6 where the behavior of
two tools belonging to group A is shown. In thamhs, every time a lot is processed, the W@R of the
corresponding process tool is increasing, and thespgadw the maximum W@R values that are attained
before a measurement is performed. For confidentiality reasons, the axes have been normalized.
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Figure 6: W@R evolution for procesmsls A01 and A02 for real data.

Normally, there are some areas with lack of control. The goal is to reduce the maximum W@R values
to remain below the W@R limits and even to establish lower W@R limits. Looking at Figure 5 and a
limit of 0.5, the W@R value exceeds the limit and a control operation has to be performed as soon as
possible. When analyzing the measurement effeséigs for process tool A01, too many measures are
sometimes performed, for instance before the begirofittige second day and between days 8 and 10. It
is a waste of measurement capacity since cboperations do not bring enough added value.

At this stage, we want to provide a general vigwthe risk in the workcenter and show that it is
possible to avoid reaching large W@R values. As future perspectives, we want to develop a dynamic
system to only select the right lots to measure and to avoid useless measurements.

4.3  Qualifying a single product

First, finding the best products to qualify is needed. With a treatment of the data obtained by running the
simulation model on real data, a list is elaboratedttiags all lots processed of products not covered into
account and the routes with lon Implant operations that can be measured. In this first study, the products
that bring the largest number of additional measures are considered. Taking more aspects into account is
considered as a future perspective.

The first six products are selected and each qualification has been simulated separately. Figure 7
shows the W@R evolution for process tools A01 and C04 when products 7 or 12 are qualified
respectively. These two process tools have experadaht most remarkable W@R reductions compared
to the other tools. Also, qualifying one of these two products provide the largest W@R reductions. The
figure shows that, after qualification, most of the high peaks are reduceexafaple, for process tool
A01, the W@R between day 2 and day 5 is better bliggd than before and, for process tool C04, it has
considerably decreased between day 10 and day 12.
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Figure 7: W@R for tools AO1 and C04 before and after qualifying Products 7 and 12, respectively.

Qualifying new products offers opportunities reduce the risk, but selecting the product that
induces the most additional measures may not be thabestative. Qualifying other products could be
more interesting if their lots are processed on mmashthat are at risk. Looking at Table 2, it is
interesting to see that, when qualifying Product 12 atitbugh it has less measured lots than the other
products, larger reductions for W@R Max of theqgass tools are obtained compared to the other
products (except Product 7). For W@R Average, Product 12 has only 1% of difference when compared to
Product 8, which is initially the second best option.

Table 2: Difference of global W@R reduartidepending on the qualified product.

Qualified products
Indicator Product 7 Product 8 | Produd 9 | Product 10| Product 11| Product 14
Gain - W@R Max 20% 18% 16% 14% 13% 19%
Gain - W@R Average 29% 22% 22% 21% 20% 21%

When comparing the W@R evolution of allopess tools between the real case and qualifying
Product 7 in Figure 8, it can be seen that mimojs reach the same W@R Max values without any
changes; e.g. process tools A02, BO4 and CO03. Menv¢éhe W@R Average is generally considerably
reduced. It is interesting to see that, for process tABP and C03, the same W@R Max value is attained
before and after qualifying prodisc W@R Max(A02) = 0.55 and W@Rax(C03) = 0.24. The behavior
of their W@R Average is different, since the W@Refage of process tool A02 is almost divided by 2
(from 1 to 0.55), while the W@R Average of process tool C03 practically remains the same (from 0.19 to
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0.16). In Figure 8, because the values are normalizesindt possible to directly compare chart (a) and
chart (b). Also, by definitiorthe W@R Average is always smaller than or equal to W@R Max.
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Figure 8. Comparison of W@R Max (a) and W@R Average (b) between real case and if Product 7 is
gualified.

Hence, as it is shown through our simulations, by qunagfproducts, the risk is decreased but not all
process tools are covered for all the cases, sinceiktlenvalues of W@R Average are reduced, large
maximum values are still reached. Thatrstep is to qualify two products to reduce the risk even more.

4.4  Qualifying two products

As a starting point, only the combination of two praduis considered due to the complexity for the
workcenter to qualify products. To select products, the goal is to ttevéargest number of process tools

and to decrease the W@R values aghmas possible. The best option is to select products 8 and 12 to
qualify since it is the combination that leads to the largest W@R reduction for the 17 process tools. A
comparison between the real case, qualifying produntd&aalifying both product8 and 12 is shown in
Figure 9. The reduction is sometimes quite large, for example for process tool A03 (from 0.78 to 0.53)
and, in other cases, less significant, for example pimcess tool D02 (fra 0.14 to 0.12). This
combination also covers process tools that were not improved with only atigeduproduct and leads

to improvement on process tool A05 (from 0.3®128) and process toBI01 (from 0.37 to 0.18).
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Figure 9: Comparison with qualifying productsugd 12 for W@R Max (a) and W@R Average (b).

Due to the complexity for engineers to perfomaw qualifications, the goal is to qualify a little
products as possible to cover the largest numberogeps tools and to reducesttisk much as possible.
Qualifying more than two products could be consideif it brings significant gains in terms of W@R
reduction.
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5 CONCLUSION AND PERSPECTIVES

In this paper, a simulation model for a real workcenter in semiconductor manufacturing has been
proposed. It has led us to better understand the cursérietiel, to detect several points to improve the
current metrology process and to propose new risk tiesustrategies. Our first approach has shown that
qualifying new relevant products leads to significesk reduction. The values of the Maximum W@R

and the Average W@R are reducandd the gain is larger when several products are qualified.

Our current research aims at finding a better methseélext the products to qualify. We also want to
implement new sampling techniques in the simulation intb@de select lots to measure at the right time
that bring information, neither waiting too long befaneasuring a lot for a process tool nor performing a
measure too early. An interesting perspective is to propose new scheduling and dispatching rules to assign
lots to process tools with high risk. Finally, we wablike to extend this work to other workcenters in
semiconductor manufacturing facilities.
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