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in Manufacturing Integrated Circuits

Thispaper describes a methodology and related system, the Product Flow
Database (PFD) , thatevaluates the performance offacilities thatmanufac­
ture integrated circuits (K).Thissystem provides an effective way todetect
and analyze degradations inperformance. The methodology accounts for
the amount oftime it should take to process different types ofICs, that is,
the expected service times. The system calculates facility service efficiency,
a measure thatnormalizes actual service times with respect toexpected
times. We offer examples ofhow this system and the PFD are used by
AT&T Microelectronics to improve efficiency without impairing quality.
Introduction

There are various continuing efforts
inAT&T IC plantsto improve manufacturing
operations andenhanceproduct quality. One
effort, discussed here, focuses on improving
service efficiency. To understand whatwe
meanby service efficiency, oneneeds to
understand the IC fabrication process.

In IC production, silicon wafers con­
taining hundredsof IC chipsper wafer may
pass throughas many as 250 processing steps
ina cleanroom environment. A"recipe" is
used to describethe processperformed for
each individual step, the parameters ofthe
processand the facilities on which it is per­
formed. Suchfacilities may rangefrom expen­
sive ionimplanters and photosteppers to rela­
tively inexpensive wafer-eleaning sinks. ICs
are builtone layerat a time, each layerdevel­
opedon the preceding one.Because many of
the processesand equipment used to make
successive layers are similar, a given wafer is
likely to pass throughthe samefacilities
many times, each timepossibly usinga dif­
ferent recipe.

Two veryimportant cleanroom
parameters are capacity and cycle time. Capa­
cityis the maximum rate at which a clean­
room can produce product, usually expressed
as unitsofwafers per week. Cycle timeis the
interval from the timeproduction starts on a
lotofwafers until that lot is finished. Longer
than expected service timestranslate intopro­
longed cycle timesthat delay gettingproduct

to the customer. Even small increases in ser­
vice time can significantly inflate product
cycle time. While it is critical from an invest­
mentpoint ofview to maximize capacity in
this capital-intensive business, it is also impor­
tant,from a marketing perspective, to minim­
izecycle timeto deliver a variety ofproducts
to customers who must satisfy rapidly
changing marketdemands. Wediscuss both
these parameters and their relationship to
service times.

Cepaclty, Cycle Time. Service Time.
Because cleanroom capacity is extremely
valuable, mostcleanrooms operate in shifts
around the clock. The resulting capacity is
determined bywafer processing require­
mentsand the interval required to process
each recipe on eachfacility. 1,2 When service
timesina cleanroom takelongerthanesti­
mated, there is a commensurate reduction
in its capacity. However, because ofthe
extremely non-linear way inwhich cycle time
depends upon service time, itsdegradation is
proportionally greater,especially when the
capacity utilization is high.

Forexample, suppose a facility nor­
mally takes 1/11 = 1.0 hour to process a
recipe. Assume, forsimplicity, service times
are independent exponential random vari­
ablesand that lotscome to the facility with a
Poisson distribution rate A. = 16lotsper day,
i.e, about0.66 lotsper hour.Weknow" aver­
age facility cycle time, that is, the queueing
plusservice time, formeanarrival rate A. and
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meanservice rate fl is:

Cycle =~
fl - II.

Therefore, forour example facility, weget:
1

Cycle = 1.0 _ 0.66 = 3 hours

Suppose service timedegradesby 10percentto 66
minutes per lot. Then 1/fl = 66minutes = 1.1 hours and
fl is approximately 0.91 lots/hour. Foraverage cycle
time, we now get:

1
Cycle = 0.91 _ 0.66 = 4 hours

Therefore, a six-minute, or 10percent, increase in ser­
vice timeper lotwill produce an increase ofapproxi­
mately one hour,or about33percent, in cycle timeper
lot. Consequently, a problem at a facility can result in a
significant increase in product cycle time. Conversely,
even relatively small decreasesina recipe's service time
will translate intosignificant gains in product cycle time.
For these reasons, it is important that each shoparea
ensure its facilities are performing well. We notethat high
service timevariability alsoadversely impacts cycle time.

Facility Perform.nee. Given the many recipes and
product codesinvolved, the task ofmeasuring Ie facility
performance is difficult. Agiven facility mayprocessover
40distinct recipes spreadacrossmany different product
codes. Eachrecipe may take a different amount oftime
to process. To makeit easier to monitor these facilities,
wehave designed a systemto trackservice efficiency for
eachfacility or howwell the facility is performing relative
to the service timesdefined foreach recipe. Service effi­
ciency is the timeit should take to service a given pro­
duct divided by the timeit actually takes.This metric
allows shopandengineering personnel to monitor their
facilities' performance and provides earlywarning ofser­
vice rate degradation. Since the service efficiency is cal­
culated foreachfacility, each set ofengineers, process
analysts and operators have ownership ofthe local
metric for the facilities in their area.Tracking this metric
and publicizing the resultsprovides a powerful stimulus
to improve the facility performance.

Product Flow oete...... In 1989 westarted devel­
opment ofa systemcalled the ProductFlow Database
(PFD) to helpachieve the goalsofreducedworkin
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Panel:L Abbreviations, Acronyms, and Tenns

DDL - Device Development line
Ie - Integrated Circuit
irge - Interactive Report Generator on Efficiency
ISf - integrated service time
PFD - ProductFlow Database
probe - a menu-driven program to monitor facility

or productflow behavior
service efficiency - the estimated timeit should take

to processa productdivided byactual service time

processinventory and reducedcycle times. This system
provides each shoparea with timely information needed
to trackfacility performance andto plan andexecute
meaningful actions to improve service efficiency. To this
end, the PFD helpsto identify areas needing improve­
mentand provides feedback to shoppersonnel byquan­
tifying the impact ofefforts to improve product flow.

Methodsfor "uiln. service Efficiency. To run an
efficient cleanroom, shopand engineering personnel must
monitor many performance measures, including cycle
time. However, cycle timecanbe improved only by
improving the parameters uponwhich it depends, suchas
arrival and service rates and theirvariability. There are
various efforts underway, such as SmartSelect andSmart­
Goals, to improve arrival flows to facilities by pulling lots
to meetplanned cycle timesand due datesandbalance
the workload ofhighly utilized facilities. Ourmethodology
addresses service times, the other component affecting
cycle time. Using information provided byPFD, the shop
can define and trackmeaningful metrics for itsfacilities
basedon service times. The shopcaneasily analyze its
facilities' processperformance andensure that service
efficiency is maintained at the highestpossible levels.

Shop personnel can use these metrics as an inte­
gral partofa cyclic paradigm to improve their processes.
This procedure is:
- Selectappropriate service rate metrics
- Define goalsbasedon chosenmetrics
- Observe metrics
- Analyze caseswheremetrics do not meetgoals
- Make improvements that drive metrics toward goals
- Raise goallevels as appropriate
This formula is repeated continuously to achieve high
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(b)
Bi =Begin For Lot i

Yi = Yield For Lot i

performance levels. The PFD systemis a critical part of
this paradigm. It allows each shoparea to define and
observe its own metricsand provides direction formak­
ingimprovements.

service Efllclency Measures. To evaluate the ser­
vice efficiency ofwafer fabrication facilities, weintroduce
two related measuresofperformance, integrated service
time (ISI) andfacility efficiency.' Two typesofdataare
required to calculate these measures. The first is a table
ofexpected processing times containing the estimated
timesrequired for processing each recipe. The tableis
basedon dataprovided by shopprocessanalysts and
process engineersand allocates an estimated timefor
each particular step andgroupoffacilities. This estimate
includes both setupand expected processing timesfor
eachlotor wafer on these facilities. Eachdesignated
shoparea has a tableofexpected processing timesfor
each set ofprocessing steps andgroup offacilities on
which these can be performed, Wewill showhowthe
tableis used shortly.

The second set ofrequired dataare actual lot
processing times collected from shopprocesscontrol
computers. Figure la shows the timing information pro­
vided by this systemforeach lot. The shop'sprocess
control computers recordthe timeswhenprocessing a
lotbeginson a specific facility andwhenthat lotis
yielded. With this,wecan calculate howlongthe lotwas
inqueueand the actual amount oftimeit spent inpro­
cess. Otherdataaboutthe lot, including serial number,
product code, technology, and numberofwafers in the
lot,are also recorded. Later, the datacanbe retrieved,
processed and storedin the PFD.

Wenow describe howthe 1ST andfacility effi­
ciency values are calculated. The 1ST measures the actual
processing timeeach lot ofwafers spendson a given
facility. In caseswherea facility operateson a single lot
at a time, this is simply the in process timeshown in
Figure la. However, becausemany facilities process
several lotssimultaneously, the dataon the lotspro­
cessedoften contain overlapping timeintervals, like
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Figure 2. Pre-deflned graphs and plots such as this, showing
the facility efficiency value of a group of Varian Implanters
over a 15-week period, help engineers, process analysts and
operators monitor line behavior using a software module,
called probe. Facility efficiency values less than 1.0 show
that service times are larger than expected.

those shownin Figure lb. In these cases, a timeshare
algorithm can be used to calculate the ISIS. This formula
divides a lot's begin-to-yield time intoseparate intervals.
For each interval, the lot is "charged"the time divided by
the number of lots sharing the facility during that period.
The 1ST is the sum of these "charges." For example, sUIT
pose the timingdata for three lots are as shownin Fig­
ure lb. Wecalculate the 1ST for each lot as follows:

Lot1: (B2 - B1)/1 + (Y1- B2)/2
Lot2: (Y1- B2)/2 + (B3- Y1)/1 + (Y2- B3)/2
Lot3: (Y2- B3)/2 + (Y3- Y2)/1

Note that the sum of the lots' ISTs equals the total time
the facility was utilized, i.e., (Y3- B1). This gives us a
basis for charging a portionof the processingtime to
each individual lot.

To calculate facility efficiency, we use the 1ST cal­
culation and the expectedprocessingtime tables. Given

that facility f processes N lots, its facility efficiency is
definedas:

;=N
LE;

Eff(f) = ;:~
LIST;
;=1

where E; is the expectedprocessingtime oflot i and1ST;
is the 1ST of lot i.

We can alsocalculate the efficiency foranysub­
set of the lots, such as all lots requiringa particular
recipe. In this way, the data can be used to disclose if cer­
tain process steps are experiencing problems. The opera­
tors can evaluate whether a facility is performing as
expectedby seeing howclose the efficiency measure is
to the valueone. For example, a facility efficiency value
of0.91 means the facility is takingapproximately 10per­
cent longer than expectedto process lots.

The Product Flow Databa... The PFD systemcon­
sists ofa databaseand twointerface modules that allow
users either to access predefined reports and graphs or
to generate custom reports.The PFD systemis designed
to makeavailable detailed information on productarrival
patterns, delays, servicetime,and cycle time to the wafer
fabrication lineoperators and managers. The systemhas
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beeninstalled at AT&T cleanrooms in Orlando, inAllen­
town for the Device Development line (DDL) and recently
in Madrid, Spain. The PFD systemruns on UNIX® Operat­
ingSystem-based computers. (UNIX is a registered
trademark of UNIX System Laboratories, Inc.) The PFD
is organized in ASCII files and uses a combination ofC,5
AWl<,6 S,7 and Shell8,9language programs to create
records andgiveusers accessto the information.

The database contains a recordforeach lot pro­
cessedper step in the cleanroom. The recordcontains
the lot's identification number, product code, shifton
which it wasprocessed, 1ST, queue time, cycle time
throughthe facility and about25other items. The data
files are stored in separatedirectories foreach produc­
tion area ofinterest. The dataare organized this way on
the assumption that someone interestedin the ion
implant area,forexample, would probably notwantto
know aboutflow through the plasma etch area.

Eachweek'srecordsare stored separately. This
assumesthat mostquerieswould be limited to a specific
time period covered by a subset ofthe database and only
the files containing recordsbelonging to the interval of
interestneedbe examined. Organizing the files this way
gainsspeedat the expenseofgenerality. The PFD system
will respond quickly to a request such as "reporton ser­
vice timesofalllotsprocessed in the past 10daysfor the
X group of Ymachines." It is not designed to track the
history ofa particular lotas it flowed throughthe line.
However, there are systemsavailable for such queries.

Queryl", the DIIt8...... PFD provides database
querycapability through two commands. Onecommand,
called probe, givesaccessto pre-defined reportsand
graphs offacility or productflow behavior for the most
recent IS-week period. Information aboutthe entire pro­
duction lineis available from probe undera "General"
category, or for individual workareas under morespe­
cific categories. This information is derived from inter­
mediate summary files which are updated weekly. Thus,
probe can provide information veryquickly without hav­
ingto refer to detailed low-level PFD files.

Processanalysts normally use probe to monitor
or analyze linebehavior. It allows them to spotproblems,
detect trends, and to monitor the effects ofactions to
improve the performance ofa given shoparea,groupof
facilities, or evena singlefacility. Figure2 illustrates a
typical plotavailable through probe. This particular
chart tracks the facility efficiency value fora group of

Varian implanters overa IS-week period. It also shows
the group'saverage utilization in hours per day. When
these values fall below 1.0, service timesforthese facili­
ties are longerthan expected.

Amoredetailed method foranalyzing perfor­
mance is provided bythe Interactive Report Generator
on Efficiency (irge) command. Irge is menu-driven
and provides specialized user-designed reportsthat can
be focused on specific shopareas andtimeintervals. In
addition, reportscanbe limited to anycombination of
shift, facility, code, operator, etc.Although irge is
slower than probe, its reportscanbe focused as nar­
rowly as desiredandcanbe used to supplement probe
fordeeper investigations intobehavior that impedes or
improves product flow.

Figure 3 shows a typical user-generated irge
graph. It gives a Pareto analysis of"slow lots," which are
defined as lotswhose service timeexceeda predefined
maximum allowable limit set byengineersand process
analysts. Whena lot'sservice timeexceedsthe limit, the
cleanroom operator is askedto explain the reasonforthe
slow lot. The operator can either choosefrom a pre­
defined set ofreasoncodesor provide his or her own
explanation. This information is captured by the facility
processcontrol systems in Orlando, Allentown and
Madrid. Reason codesforallslow lotsare storedbythe
PFD and plots, such as Figure 3,canbe produced. This
particular plotbreaksdown lostproduction hoursby rea­
son codes. The probe and irge commands also offer
other analysis options such as user-definable metric
graphs, boxplots, histograms andgraphical plots offacil­
ityactivity.

DIIt8 Integrity. Given accurate dataon expected
processing timesforeach recipe, the PFD system pro­
vides useful information onfacility efficiency. However,
becausenewrecipes are frequently introduced into the
cleanroom, it is difficult to keepsuch datacurrent. To
overcome this, PFD has a self-correcting feature. When it
doesencountera recipe forwhich it has noexpected
timedata, it automatically prompts the system adminis­
trator,viaelectronic mail, to obtain the needed informa­
tionfrom shopand engineering personnel. Thishelpsto
ensure that facility and processdataon expected pro­
cessingtimesforeach recipe are keptcurrent.

Applying PFD at ArAr Microelectronics Plant.. The
service efficiency methodology described in thispaper
helpsshopand engineering personnel to improve their
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Figure 3. Detailed
analysis of facility
performance Is pro­
vided by the irge
command. This
Pareto analysis
shows reasons for
slow lots. It can be
used to Identify areas
for Improving service
times.

Slow lot causes area: ion group: Varian
from December 1. 1991 through December 31. 1991

39 slow lots =3.09% of 1262 total lots serviced

22.3 hours lost =3.31% of 672.6 total servicehours

Equipment went down••••••••• 11.1 hours 8 lots

Processproblem ••• 3.4 hours 11 lots

Other 1.9 hours 7 lots

Thermaprobeproblem 1.9 hours 110ts

Waitingfor rework 1.4 hours 3 lots

Break/lunch/meeting 3 lots

PC problem 2 lots

Limping 2 lots

No operator available 0.4 hours 2 lots

o 5 10 15
Hours lost

processesina structuredmanner. The PFD systemis
now used in several AT&T Microelectronics plants. At
the Orlando plant, process-based service quality teams
are usingit to baseline metrics, trouble-shoot, and
improve quality. For example, improvements madeby
the IonImplant teamhaveincreased the capacity ofits
facilities. Duringthe latterpart of1991, a high-current
Nova implanter, a unitcosting overa million dollars, had
facility efficiency values ranging between 0.6and0.7.
Service timeson this facility wereapproximately 30to
40percentlongerthan expected. The processquality
teamdiscovered that an instrument, called a faraday cup,
wasmalfunctioning. The faraday cupmeasuresbeam
current at the start ofthe implant procedure and moves
outofthe path ofthe beamwhenthe implant process
begins. The cup,though,wasnot completely moving out
ofthe beam'spath, causingthe current level to dropand
the processto halt. The teamworked with the equipment
vendorto resolve the problem. However, the facility effi-
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ciency values only slightly improved. After furtherinves­
tigation, the teamdiscovered that a malfunctioning dose
processorforthe atomic mass unitwasgiving incorrect
readings on current beamamperage andwascausing the
processto shut down. Afaulty resistorpackwasthe
causeofthe problem and it wasreplaced.

Oncethese problems had been isolated and
resolved, the facility's efficiency values, as shown in Fig­
ure 4, rose to between 0.9and 1.0, representing approxi­
mately a 30percentreduction in service timesanda cor­
responding 30percentincreaseincapacity.

Atthe DOL inAllentown, engineering and shopper­
sonnel have used probe and irge command options to
monitor facility utilizations andservice efficiencies, number
ofwafers processed per week, and the average queueand
cycle timesper lot. In the PhotoResist Apply area,a quality
circle ofengineers, operators, and processanalysts have
used histograms ofprocessservice timesandslow lot
Pareto diagrams to identify areas for improvement
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Facilityefficiency - facility 713 used to trackrelated metrics such as queuetime and
throughput to determine the effectiveness ofthese sys­
tems.Another outgrowth ofthe PFD system inOrlando is
a prototype expertsystemforautomated analysis to iden­
tify wherefacility performance problems are occurring.
The systemcurrently cananalyze PFD records forfacili­
ties that are heavily utilized but have low facility efficien­
cies. The systemiswritten in the rule-based language
C5, which makesit easyto addadditional capabilities.
Weare investigating ways to enhance the system to pro­
vide in-depth analysis ofthe underlying causesofper­
formance problems bydoing a thorough searchthrough
the database and suggesting the mostlikely causes.

Oct 5 Oct 19 Noy 2 Noy 16 Noy.30 Dec 14 Jan 4

Rgure 4. This plot shows the progressive Impact of a series
of changes made by a quality team that used the PFD sys­
tem to diagnose long service times on an Ion Implant unit at
ATBeT's Orlando plant.

Forexample, shop personnel devised newpro­
cedures to improve production duringstartupand shut­
down periods. Production on the DDL starts at 11 p.m. on
Sunday and runs aroundthe clock untilshutdown on Fri­
days. There weresignificant production drops, on the
order of33percentofcapacity, duringthe firstand the
last shiftsofthe week. To improve output, someperson­
nelnow comein three hours earlyon the Sunday shiftto
start the line. Similarly, someshoppersonnel stayafter
the week'slast shiftto implement shutdown. These sim­
pleprocedural changesnow allow the facility operators
to maximize capacity while the full shiftsare operating.
Using PFD, shop personnel wereable to document the
impact ofthese changesand to identify other problems
that were resolved separately.

other AppIlc8tlons of the PFD System. Because ser­
vice timesare a concernin allmanufacturing environ­
ments, the PFD systemand the methods outlined here
canbe adapted to other AT&T manufacturing lines. We
notethat the 1ST algorithm, as a measureoflot service
time, has alsobeen adopted in the SmartSelect and
SmartGoals algorithms in the Divisional Shop Control
System in Orlando. SmartSelect and SmartGoals were
recently implemented in the Orlando cleanroom to pull
lotsthrough the production lineina smoothmannerto
meetplanned cycle timesand due datesand to balance
the workload ofhighly utilized facilities. PFD is being

Summary
Wehave described botha methodology anda

systemthat helpsshopand engineering personnel ensure
their linesare working well and that their service efficien­
cies are as high as possible. These objectives play key
rolesin achieving the ultimate cleanroom goalofshort
cycle timeand highproduction volume. Thiswork is
ongoing at several AT&T plants. Wehavealready seen
progressas a resultofthe focus on memes andthe direc­
tionprovided by the PFD system. Acontinued focus such
as this will result in lower inventory levels andcycle times
and ultimately will increase the profitability ofour plants.
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