COMBINING EXPERIENTIAL AND THEORETICALKNOWLEDGE IN THE DOMAIN OFSEMICONDUCTOR MANUFACTURINGA DISSERTATIONSUBMITTED TO THE DEPARTMENT OF COMPUTER SCIENCEAND THE COMMITTEE ON GRADUATE STUDIESOF STANFORD UNIVERSITYIN PARTIAL FULFILLMENT OF THE REQUIREMENTSFOR THE DEGREE OFDOCTOR OF PHILOSOPHYbyJohn Llewelyn MohammedAugust 1994 ii' Copyright by John L. Mohammed 1994All Rights Reserved iiiI certify that I have read this dissertation and that in my opinion it isfully adequate, in scope and quality, as a dissertation for the degree ofDoctor of Philosophy.Edward A. Feigenbaum (Principal Advisor)

I certify that I have read this dissertation and that in my opinion it isfully adequate, in scope and quality, as a dissertation for the degree ofDoctor of Philosophy.James Plummer (Associate Advisor)

I certify that I have read this dissertation and that in my opinion it isfully adequate, in scope and quality, as a dissertation for the degree ofDoctor of Philosophy.J. Martin Tenenbaum

I certify that I have read this dissertation and that in my opinion it isfully adequate, in scope and quality, as a dissertation for the degree ofDoctor of Philosophy.Paul Losleben

Approved for the University Committee on Graduate Studies:

ivAbstractSymbolic approaches to the diagnosis task have proven their utility in a variety ofdomains, from medicine to electronic and mechanical engineering. The power ofsystems based on these approaches derives from their ability to represent and reasonwith the knowledge of experts. In addition to solving their primary diagnostic tasks,these systems have the additional benefits of being able to explain their findings, and ofserving as repositories of corporate knowledge.We represent diagnostic knowledge concerning semiconductor manufacturingprocesses in two distinct symbolic forms. We capture experiential knowledge in theform of a network of heuristic causal associations. We capture theoretical knowledgeconcerning how the manufacturing processes work in qualitative, discrete-action modelsof the manufacturing operations.Both kinds of knowledge are applicable to the task of diagnosing manufacturingfailures. Each kind has strengths and weaknesses. Causal associations leave manycontextual assumptions implicit. In particular, they do not indicate how the causalrelationships depend on the structure of the manufacturing plan or on the structure ofthe devices manufactured. This is primarily due to a lack of representational machineryfor describing this information. This leads to �brittleness�: an inability to adapt tochanges in context. This limitation is a severe one for the semiconductor manufacturingdomain, which is characterized by frequent changes in the manufacturing plans and theproducts being manufactured. On the other hand, causal networks impose almost nolimitations on what phenomena can be represented.Model-based techniques avoid brittleness by explicitly representing how causalrelationships depend on aspects of context and by appealing to principles applicable inmany contexts. However, the range of phenomena that can be represented is limited bythe expressiveness and tractability of the representational machinery and the lack oftheoretical knowledge concerning some of these phenomena.

vWe argue that the strengths and weaknesses of these two kinds of knowledgeare complementary. We describe a mechanism, which we call Generic Rules, by whichwe can integrate the two kinds of knowledge in a synergistic fashion. Generic rulesretain the expressiveness of causal networks, but employ the model-based knowledge toexpress contextual dependencies. The causal associations, qualitative discrete modelsand Generic Rules are demonstrated by application to the Stanford BiCMOS process.

viAcknowledgementsMany people have helped me in the course of this work, either by providing neededresources or technical assistance, by engaging in interesting discussions, by reading andcommenting on early drafts of the dissertation, or by providing much needed moralsupport. All deserve my gratitude. I list here some among them that I would especiallylike to thank.For their advice, encouragement and support, I wish to thank the members of myreading committee: Professor Ed Feigenbaum, Professor James Plummer, J. MartinTenenbaum, and especially Paul Losleben, without whose prodding the work may neverhave been completed.Reid G. Simmons, whose Gordius system forms the core of the model-basedreasoner, and who collaborated in the development of the early versions of the modelsand the diagnostic reasoner.Rick Reis, for his advice and encouragement and the financial support providedthrough the Fellow/Mentor/Advisor program, and Barbara Hayes-Roth, who onseveral occasions provided much needed resources.John Shott, Wes Lukaszek, Peter Griffin and Margaret Prisbe, for unselfishlycontributing their expertise in semiconductor manufacturing.The members and former members of the Manufacturing Science programwithin the IC Lab and personnel from Enterprise Integration Technologies and TexasInstruments who participated in it, including Jay Glicksman, Jeff Pan, Fah-ChunCheong, Byron Davies, Robert Hartzell, Ernest Wood, Don Basile, William Wong, JackWendstrand and others, for numerous discussions regarding representation ofsemiconductor processes. Also, the members of the CFI TCAD SPR working group,including Duane Boning and Mike McIlrath viiThe members and former members of the Heuristic Programming Project withinthe Knowledge Systems Laboratory, including Peter Karp, Richard Keller, Tom Gruber,Yumi Iwasaki, Pandurang Nayak, Janet Murdock, Bob Engelmore and Richard Fikes, fordiscussions regarding model-based knowledge representation and reasoning.The many administrative personnel at the KSL and CIS who kept theseorganizations running smoothly, and who graced them with a touch of warmth andhuman kindness while doing it, including Grace Smith, Linda Kovach, Michelle Perrie,Susan Stout, Peche Turner, Carmen Miraflor, Ellie Engelmore and Margaret Timothy.Colleagues at the former Schlumberger Palo Alto Research center, whocontributed to the early phases of the work, including J. Martin Tenenbaum, Richard O.Duda, Harry Barrow and Jeff Pan.The personal friends and colleagues who helped me to maintain my sanity andkeep a sense of perspective, including Ed Pednault and Marla Babcock, Fred and CarolShapiro, Margaret and Dennis Donohoe, Yvan Leclerc and Susy Davies, Roberto andAlison Desimone, Richard Cohn, John Egar, Lee Iverson and Alison Phinney, and Davidand Mary Kashtan. Especial thanks go to Yvan Leclerc for making much neededcomputer resources available for the evaluation phase of the work.Professor Steven W. Zucker, for inspiring me to pursue graduate work in the firstplace, and for being a constant source of encouragement.My mother and father, for giving me, through their love and encouragement, thefreedom and confidence to live my own life.Finally, I would especially like to express my gratitude to my fianc�e Nancy J.Lerman, whose love and support have made it possible to complete the work.This research was supported under the Stanford Semiconductor ManufacturingProgram supported by Grant N00014-90-J-4016, DARPA/CSTO.

viiiTable of ContentsAbstractivAcknowledgementsviList of TablesxiList of FiguresxiiChapter 1. Introduction11.1. The Task: Diagnosis of Semiconductor Manufacturing Problems.............. 21.2. The Symbolic Approach to Diagnosis............................................................. 31.3. Problem Statement............................................................................................. 51.4. Contributions of the Research.......................................................................... 61.5. Overview of the Dissertation............................................................................ 7Chapter 2. Background: Semiconductor Manufacturing9Chapter 3. Experiential Knowledge133.1. What is Experiential Knowledge?.................................................................. 133.2. Representing Experiential Knowledge......................................................... 143.3. HyperPIES......................................................................................................... 163.4. Strengths and Weaknesses of Experiential Knowledge............................. 21Chapter 4. Theoretical Knowledge274.1. Model-Based Reasoning.................................................................................. 274.2. Special Considerations of the Manufacturing Domain.............................. 294.3. The Modeling Technology.............................................................................. 314.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing......... 474.5. Summary........................................................................................................... 72 ixChapter 5. Process Representation755.1. Representing the Process for DAS.................................................................. 765.2. Representing the Process for Display............................................................ 815.3. The DIS Semiconductor Process Representation Server............................. 855.4. Extracting the DAS representation from DIS............................................... 88Chapter 6. Architecture for Integration1086.1. Phenomena Scope and Situation Scope...................................................... 1086.2. Generic Rules.................................................................................................. 1116.3. Impact of Generic Rules................................................................................ 1186.4. System Architecture....................................................................................... 119Chapter 7. Experimental Results1237.1. The Experiments............................................................................................. 1237.2. The Results...................................................................................................... 1337.3. Summary of the Results................................................................................ 145Chapter 8. Related Work1468.1. Model-Based Reasoning................................................................................ 1468.2. Combining Rule-Based and Model-Based Reasoning.............................. 1498.3. Modeling Manufacturing.............................................................................. 1518.4. Semiconductor Process Representation...................................................... 1578.5. Model Selection.............................................................................................. 159Chapter 9. Conclusions1639.1. Future Work.................................................................................................... 1639.2. Summary and Contributions........................................................................ 165References168Appendix A: Modeling Objects177Appendix B: Modeling Actions182Appendix C: Axioms Supporting the Models214 xAppendix D: AESOP Causal Associations223Glossary.................................................................................................................. 223Causal Associations............................................................................................... 224Appendix E: Generic Rules225Appendix F: Associations from Generic Rules237Legend.................................................................................................................... 237Category 1 Causal Associations.......................................................................... 239Category 2 Causal Associations.......................................................................... 246Category 3 Causal Associations.......................................................................... 247 xiList of Tables7.1. Recovery of AESOP associations by Generic Rules......................................... 139 xiiList of Figures3.1 HyperPIES top level control panel........................................................................ 183.2 Traversing Fault Concept Taxonomic Hierarchy................................................. 183.3 Fault Concept Editor............................................................................................... 193.4 Causal Link Editor................................................................................................... 203.5 PIES Causal Analysis Graph.................................................................................. 213.6 Configuration just before Poly Gate Etch............................................................. 233.7 Configuration after Poly Gate Etch....................................................................... 243.8 Formation of MOSFET............................................................................................ 244.1 Example type definitions........................................................................................ 394.2 Schema for describing processes (actions)........................................................... 414.3 Sketch of Vertical Cross-Section Through BiCMOS Transistors...................... 494.4 Cross-sectional drawing of a Collector-Under-Oxide resistor, and howDAS represents this same structure.................................................................. 514.5 The basic operations modeled in DAS.................................................................. 564.6 The Basic Etch Model.............................................................................................. 614.7 Abstract model inherited by models in which layers can be changed............ 624.8 Qualitative example of a general Etch-Rate rule................................................. 634.9 Model of End-Detect-Etch...................................................................................... 664.10 Model of diffusion across polysilicon material boundary............................... 704.11 Definition of Create/Modify-Layers models..................................................... 715.1 Simple example of a mask description................................................................. 795.2 Instance of an Oxidation operation....................................................................... 815.3 Semiconductor Process Representation Server scenario.................................... 875.4 Partial Step Taxonomy............................................................................................ 935.5 Initial decomposition of semiconductor process plan........................................ 945.6 CIM versus TCAD notion of �step�...................................................................... 955.7 Breakdown of part of Isolation module................................................................ 975.8 Language-Independent Semiconductor Process Representation Server....... 1036.1 Graph of Phenomena Scope vs. Situation Scope............................................... 110 xiii6.2 Syntax for Generic Rule........................................................................................ 1146.3 Interlevel Generic Rule for POLY-GATE-UNDER-ETCH example.............. 1166.4 Intralevel Generic Rule for POLY-GATE-UNDER-ETCH example............... 1176.5 Impact of Generic Rules in Phenomena/Situation scope space..................... 1186.6 Architecture for integration using Generic Rules............................................. 1208.1 Semiconductor Computer Tools as Information Transformers...................... 155

Chapter 1. IntroductionThere has been much recent interest and activity in applying the technology of �ExpertSystems� to engineering domains, including the domain of SemiconductorManufacturing [1]. The power of a system based on this technology lies in its use of theexperiential knowledge of people who are expert at the task for which the system isbeing constructed.Some of the limitations of this technology are now well known. A number ofthese limitations can be traced to a single phenomenon: that the rules encoding theknowledge often implicitly encode a dependence on the context in effect when the ruleswere written. The knowledge contained in a system for diagnosing processing problemsin the semiconductor fabrication domain, for example, can implicitly depend on themanufacturing plan used in the process being diagnosed and the structure of the devicesmanufactured (especially those devices, called test-structures, used to obtain themanifestations of the problems). These dependencies render much of the knowledgeimpotent when the context changes, i.e., if the manufacturing plan changes or if the test-structures change.Modern manufacturing systems require adaptability to rapidly changingenvironments. In particular, frequent changes in the products, processes, or equipmentin a semiconductor processing facility reduce the value of experiential models used inmore stable environments. Since the rules in an experiential knowledge base often donot describe the rationale that justifies their inclusion, knowledge bases constructed ofsuch rules cannot be automatically adapted to changes in the environment that caninvalidate many of the rules. Thus, maintenance of experiential models is a difficult andlabour-intensive task.Engineers temper and adapt their experiential knowledge by recourse totheoretical knowledge. For other engineering domains, some of this theoreticalknowledge has been successfully captured in the form of declarative causal models [2,

2Chapter 1: Introduction3]. These models allow much of the context to be represented explicitly, thus allowingchanges in the context to be incorporated in a natural way.The work reported on in this dissertation is concerned with the representation ofboth experiential and theoretical knowledge bearing on the problem of end-to-enddiagnosis of semiconductor manufacturing processes. It also addresses the strengths andweaknesses of these two types of knowledge. In particular, this dissertation argues thattheir strengths and weaknesses are complementary, and presents a methodology forcombining them that enables the strengths of each to overcome the weaknesses of theother.1.1. The Task: Diagnosis of Semiconductor Manufacturing ProblemsSemiconductor Technology is a broad and complex field encompassing many activities.While the technologies to be discussed in this dissertation are applicable to many of thereasoning tasks connected with these activities, this work focuses on one particular task:end-to-end diagnosis of problems in semiconductor manufacturing processes.Semiconductor manufacturing processes are the processes by which integratedelectronic circuits are manufactured. Integrated circuits are manufactured on the surfaceof thin �wafers� of silicon or some other semiconducting material.Semiconductor manufacturing plans typically involve a long sequence ofoperations. Modern processes may have roughly 300 steps that are carried out on everyproduct wafer. The adjectival phrase �end-to-end� is included in the problemdescription to emphasize that we will be concerned with diagnosing the entiremanufacturing process as a whole. We will not be concerned with diagnosis, monitoringor control of individual processing operations or manufacturing equipment. Our focuswill be on disentangling the many varied ways that the processing operations caninteract.New manufacturing processes are constantly in development. Furthermore,semiconductor processes are continually modified to improve yield, to adjust for drift inthe characteristics of processing equipment, and/or to improve device characteristics. Inthis work we assume that the manufacturing process as specified is correct. We are notconcerned with debugging new manufacturing plans, but in debugging problems in theexecution of �correct� plans. It is a major focus of the work to enable the knowledge we

1.1. The Task: Diagnosis of Semiconductor Manufacturing Problems3encode to adapt to changes in the manufacturing plan. Nonetheless, the knowledgerelates to attributing failures in the product to failures in processing, not to debuggingproblems in the design of the processing plan.The sequence of operations in a semiconductor manufacturing plan does notcompletely specify the structures that are constructed on the wafer. The set of structuresdefined on the wafer are determined by an input to the plan: the set of photolithographymasks. These masks are reticles of glass coated in a pattern with an opaque substance,often a metal. The patterns in the masks determine how different areas of the wafersurface are differentiated from one another to form devices and circuits. The masksgenerally include patterns for the creation of special structures, called test structures.These structures are designed so that their electronic behaviour is determined as muchas possible by a narrow set of process variables. They are included on the wafer so thatthe quality of processing can be characterized, and so that errors in processing can beisolated. Our work assumes that the devices and test structures are properly designed.Finally, there is one additional caveat not alluded to in the brief description ofthe problem domain. We are concerned primarily with the behaviour of themanufacturing process, less so with the behaviour of the manufactured product. That isto say, we focus on seeking causes for anomalies in the physical structure of the productin terms of anomalies in processing. This is to be contrasted with identifying causes foranomalies in the behaviour of the product (e.g., the electronic characteristics of thedevices, the electronic behaviour of the circuits) in terms of anomalies in the physicalstructure of the product. The latter problem is addressed more fully in the work of GregFreeman [4, 5].1.2. The Symbolic Approach to DiagnosisThe characteristic that differentiates the symbolic approach to diagnosis from othercomputational methods applicable to the same problem is the reliance on declarativerepresentations of knowledge. That is, knowledge of the problem domain in whichdiagnosis is to be performed is not embedded in the design of a program, but isexplicitly represented in symbolic data-structures that can be communicated betweenthe computer and its users, and manipulated by the program. At some level ofdescription, the symbolic data-structures can be interpreted as statements of knowledgeabout the domain and/or about how to perform the diagnostic task. There are well-defined rules for how these data-structures can be manipulated, and these

4Chapter 1: Introductionmanipulations correspond to various forms of logical or probabilistic inference. Overall,the manipulation of the data structures is called reasoning.The ability to communicate knowledge is a key feature of symbolic systems. Theknowledge that symbolic systems use is obtained from the users of the system throughsuch communication. Also, the system can refer to its knowledge to explain thereasoning behind its findings. The accessibility of the knowledge makes symbolic,knowledge-based systems useful for such functions as training, technology transfer, andmaintaining a corporate memory.Other computational tools useful in diagnosis include statistical data explorationtools, statistical characterization techniques, and quantitative simulators.Statistical data exploration tools provide several ways of attempting to identifythe features of the system being diagnosed that best discriminate between success andfailure cases. These tools have no knowledge about the system being diagnosed. Theuser employs his/her knowledge about the system being diagnosed to decide which ofpossibly many hundreds of features are worth examining. Usually, only a relativelysmall number of variables can be examined at a time. Therefore, the efficiency withwhich these tools can be used for diagnosis is directly proportional to the amount andquality of knowledge that the user can bring to bear.Statistical characterization techniques employ experiments with a workingversion of the system to be diagnosed, to capture a succinct representation of thesystem�s input/output relationships. The experiments perturb the inputs in controlledways and record how these perturbations affect the outputs. The resulting input/outputcharacterizations are statistical models of the system. These techniques treat the systemas a �black box,� and assume that the relationships between the inputs and outputs ofthe box are relatively simple. When this assumption is invalid, then the characterizationsare only accurate within the small space of variations for which experiments wereperformed. Also, the number of inputs and outputs that the system is considered to havemust be kept relatively small. Otherwise the techniques require too many experimentsand the resulting models are too complex. It can be considered that statistical modelscapture experiential knowledge about the system in a mathematical form.

1.2. The Symbolic Approach to Diagnosis5Quantitative simulators provide accurate predictions of the behaviour the systembeing simulated over a wider range of conditions, and are based directly on theoreticalknowledge about the system. However, this knowledge takes the form of mathematicalmodels that are embedded within the simulator program. Unlike symbolic systems, aquantitative simulator cannot explain the reasons for the results it predicts. Thesimulator behaves just like the real world system it simulates, and is just as inscrutable.For this reason, it is difficult to use quantitative simulators to compute the �inversetransformation�: from effects to causes. One must guess at possible causes, and then testthe guesses by forward simulation.All these technologies have a role to play in the complex task of diagnosingsemiconductor manufacturing processes. Although there is a tendency among people toconsider them as competitors, they fulfill complementary needs. In this work we focuson the symbolic approach to diagnosis.1.3. Problem StatementThis thesis is about representing knowledge concerning semiconductor manufacturingthat can support symbolic end-to-end diagnosis of stable semiconductor processes in amanner that enables automatic adaptation of the knowledge base to new processes andtest structures.Previous work in this domain has relied on experiential knowledge captured inhand-crafted heuristic rules. The main drawback of this approach has been that suchknowledge is not amenable to automatic adaptation to new contexts. Thus, the principleconcern of this work is to address this drawback: to represent the knowledge in afashion that is robust in the face of changes to the manufacturing process and/or to thestructures used to characterize and test the success of the process.Our solution to this problem has two principal aspects:1)Representation of theoretical knowledge concerning semiconductormanufacturing in the form of declarative, causal models. These models must becapable of assimilating a description of the process to be diagnosed anddescriptions of the test-structures in the form of the masks used to create them,and creating from these a representation of the causal pathways of the processthat can support diagnostic reasoning.2)Representation of experiential diagnostic knowledge concerning phenomena thatlie outside the realm of the theoretical knowledge captured in our models. To

6Chapter 1: Introductionenable adaptation of this knowledge to new processes and test-structures, wedevelop a new method for the integration of experiential knowledge andtheoretical knowledge. This method enables the theoretical knowledge to be usedto describe how the inferences sanctioned by the experiential knowledge dependon the manufacturing plan and the test-structures.Although we are motivated by a particular task, that of diagnosingmanufacturing problems, our main focus is the representation of knowledge and thecontent of that knowledge. We will not be concerned with diagnostic strategies.1.4. Contributions of the ResearchThis thesis makes the following contributions:¥It demonstrates that by careful selection of the appropriate level of abstractionand granularity, it is possible to model semiconductor manufacturing processessymbolically, thus making it possible to capture the causal and functionaldependencies in these processes.¥It does so by exhibiting an ontology for describing the structures created on thewafers during processing that captures their geometry in one dimension andtheir topology in two dimensions, and by exhibiting temporally discrete,qualitative, declarative models of the 12 major classes of manufacturingoperations that affect the geometry and topology of these structures.¥It contributes to the development of a unified Semiconductor ProcessRepresentation. In particular, it identifies a key problem to be solved by such arepresentation: extraction of application-specific representations, and describesan approach to solving this problem.¥It introduces two new concepts for characterizing knowledge representationparadigms: Phenomena Scope and Situation Scope. These concepts facilitatecomparison of the strengths and weaknesses of different approaches torepresenting knowledge. In particular, they help to demonstrate that the keystrengths and weaknesses of experiential and theoretical knowledgerepresentations are complementary.¥It introduces a new method, called Generic Rules, for synergistic interactionbetween experiential and theoretical knowledge representations, in particularbetween heuristic causal associations and behavioural models, that helps toovercome the limitations of each approach taken separately.¥It describes an implemented system, called Language-IndependentSemiconductor Process Representation Server (LISPRS), for extracting a processrepresentation suitable for the theoretical reasoner from the StanfordSpecification Editor representation stored in the Distributed Information Server(DIS).¥It describes an implemented system that incorporates models of semiconductormanufacturing and generic rules for causal associations that can diagnosemanufacturing failures in a modern, complex BiCMOS process.

1.4. Contributions of the Research7¥It describes the results of attempting to transfer the knowledge in an experientialknowledge base developed for the Stanford CMOS process into a knowledgebase suitable for the Stanford BiCMOS process, by encoding the knowledge inGeneric Rules.¥It describes the results of attempting to diagnose several processing failuresusing the aforementioned models and generic rules.1.5. Overview of the DissertationIn Chapter 2 the semiconductor manufacturing domain is described in greater detail.Some of the key features of the domain are pointed out that contribute to the domain�scomplexity and to its suitability for symbolic reasoning.The subject of Chapters 3 is the representation of experiential knowledge. Sincethe concept of experiential knowledge is somewhat fuzzy, a working definition forexperiential knowledge is attempted. Heuristic rules are described as the means ofrepresenting experiential knowledge. The concept of causal association is thenintroduced, and the HyperPIES system, which serves as the exemplar of heuristic rule-based representation of experiential knowledge for this work, is briefly described.Finally, the strengths and limitations of experiential knowledge are discussed, andillustrated with an example causal association.Model-based reasoning is introduced as a means of representing theoreticalknowledge in Chapter 4. Special considerations of the manufacturing domain as itrelates to model-based reasoning are described. The features of the Gordius system, therepresentational machinery we use to represent theoretical knowledge, are described insome detail. Finally, the manner in which this machinery is used to represent waferstructures and semiconductor manufacturing operations is presented. As this is a verylong chapter, a summary of the main conclusions of the chapter is included.The theoretical knowledge can adapt to new manufacturing plans because theplan is an input to the reasoner. This implies that a semiconductor processrepresentation is needed. The issue of semiconductor process presentation is discussedin Chapter 5. This includes a description of the representation required by the theoreticalreasoner, and a discussion of how this representation can be extracted from a unifiedprocess representation intended to serve all applications that require information aboutthe process plan.

8Chapter 1: IntroductionThe instrument of our method for combining experiential knowledge withtheoretical knowledge is a representation called the Generic Rule. The Generic Rule isintroduced in Chapter 6. The comparative strengths and limitations of experiential andtheoretical knowledge are reviewed. This comparison is facilitated by the introduction ofthe Phenomena Scope and Situation Scope concepts. These concepts are also used toevaluate the impact of encoding knowledge in generic rules. Finally, the architecture of asystem that employs generic rules is described.Two experiments are described in Chapter 7. The first experiment is an attemptto transfer experiential knowledge developed for one process to a knowledge baseapplicable to another process, using generic rules. The second experiment attempts touse both the transferred experiential knowledge and the theoretical knowledge capturedin models to diagnose processing failures. The results of these experiments are presentedand analysed.Related work is described in Chapter 8. A summary of the main points of thethesis and a discussion of possible directions for future work are included in Chapter˚9.Parts of this work have been published elsewhere. In particular, [6, 7] presentearly versions of the models of manufacturing operations, and describe how they can beused simulate manufacturing processes and to perform diagnoses of manufacturingproblems. For this reason, Chapter 4 incorporates these papers by reference. Thediscussion in Chapter 5 of problem of extracting application-specific processrepresentations from the unified process representation is based on a similarpresentation of this problem in [8]. Finally, Chapter 5 avoids a lengthy discussion of therepresentation of masks by incorporating [9] by reference.

Chapter 2. Background: SemiconductorManufacturingSemiconductor manufacturing refers to the manufacture of integrated electronic circuits.These are complete circuits, containing as many as a million transistors, which arefabricated at the surface of a single, thin wafer of a crystalline form of a semiconductingmaterial such as silicon. Each transistor occupies a microscopically tiny area of thewafer�s surface, and all the transistors are manufactured simultaneously. In fact, it isusually the case that tens to hundreds of copies of the circuit are manufactured on asingle wafer, which is then diced into die containing a single circuit each. Theparallelism does not end there: many of the manufacturing operations are carried outsimultaneously on several wafers (as many as hundreds) that form a �lot.�The process by which this technological miracle occurs is a mixture of techniquesanalogous to printing and cooking. Most of the operations involve chemical reactions inchambers, often at high temperatures, or in baths of liquid reagents. These reactionsoperate across the entire surface of the wafer, to grow extensions to the crystal, depositfilms of other materials on the surface, grow oxides of the materials at the surface,incrementally remove materials by etching, or redistribute impurities within the crystalby diffusion.One of the ways that impurities are introduced into the wafer is by acceleratingions of the impurity in an electric field so as to implant them into the wafer surface.There are two classes of impurities, called dopants, that are introduced. These areelements from the groups III and V of the periodic table. Though semiconductingmaterials are poor conductors when they are pure, their conductivity improves whenimpurities from these two groups are introduced into the crystal lattice. Two differentmechanisms for conducting current occur. When group V elements such as arsenic orphosphorous are incorporated into the lattice, they afford the crystal unbound electronsfor conduction, and the crystal is said to be n-type. When group III elements such asboron are introduced, they afford the crystal a surplus of �holes� (covalent bond sites

10Chapter 2: Background: Semiconductor Mamufacturinglacking an electron) and the material is said to be p-type. (The terms derive from thecharge of the carrier of current: negative for electrons and positive for holes.) When n-and p-type regions are adjacent in the wafer, diodes and bipolar transistors are formed.The type of a region can be temporarily reversed by an electric field that repels one typeof carrier and attracts the other. This is the principle employed in the field-effecttransistor (MOSFET).With few exceptions, all operations act homogeneously upon all parts of thewafer surface. The primary way to create structures at the surface that differ from regionto region is to employ a photo-optical process similar to photography, calledphotolithography. The lateral variations in processing desired must be reduced to asequence of binary patterns. These patterns are photographically reproduced asalternately opaque and transparent areas on glass plates called masks. The wafer iscoated with an organic, light-sensitive material called photoresist. Then the pattern onthe mask is transferred to the wafer by shining a high intensity, high frequency lightthrough the mask, exposing the photoresist in only in those areas that are transparent onthe mask. This either has the effect of hardening the resist in those areas (if the resist is anegative resist) or softening it (if the resist is a positive resist). The other exceptions aredirected-beam processes that eliminate the need for a physical mask by using anelectronic representation of it to vary the energy of a beam as it is scanned across thewafer surface.The exposed photoresist can then be developed. Development selectivelyremoves the resist in areas where it is soft. The remaining resist can then protect thewafer against the impact of some processes, notably etching and implantation ofdopants. The photoresist could not survive the high temperatures employed for mostother operations, and it contains impurities that would ruin the characteristics of thedevices to be created if they were permitted to diffuse into the wafer crystal. Thus,photolithography is often used in connection with etching to reproduce the pattern ofthe mask in a layer of material on the wafer that can effectively mask the effects of theseother operations. Such layers are often completely removed after they have served theirpurpose, and so are termed �sacrificial.�It is a fact of life in semiconductor processing that almost every operation hasunintended, and often undesirable side-effects. The implantation of dopants can damagethe structure of the crystal at the wafer surface. All high-temperature operations,

11whatever their intended purpose, cause further diffusion of any dopants already presentin the wafer. Growing an oxide can rob the wafer of some dopants, and cause otherdopants to �pile up� at the surface. The oxidation process can also change the diffusivitycoefficients that determine how much diffusion of dopants occurs. Temperaturesrequired for diffusion and oxidation can exceed the melting point of the metals used forinterconnecting wires.These characteristics make semiconductor manufacturing a very complexprocess. There are two aspects to this complexity. The first is that each operation is acomplex chemical process that must be carefully designed and carried out, and that isdifficult to model accurately. The efforts at creating accurate quantitative numericalsimulators are aimed squarely at overcoming this complexity. There have also beenmany applications of expert systems technology to the problems created by thiscomplexity. Systems have been developed for diagnosis, monitoring and control, anddesign of unit processes and equipment. Some of these are reviewed in [1].The second aspect of the complexity of semiconductor manufacturing stems fromthe fact that they involve a large number of steps. All the structures created on the waferat any given point in the process are potentially affected by all subsequent steps. Theimpact of a step on any part of the wafer depends critically on what structures arepresent on the wafer when the step is executed. Many structures are created on thewafer solely to influence the impact of intermediate steps in the process, and are laterremoved.In this work we consider how knowledge-based systems can help in handlingthis second aspect of the complexity of semiconductor manufacturing. The complexinteractions between steps in the manufacturing process are well-known to processengineers. However, for a long manufacturing process it can be difficult for a person tokeep track of all the details of the interactions that take place. Further, it can require agreat deal of time for even an experienced engineer to aquaint himself or herself with thedetails of a new process. Recording and managing large amounts of information is aforte of computer systems. Knowledge based systems can serve as a repository ofknowledge about these interactions, and they can systematically consider all relevantinteractions in the course of diagnosing a manufacturing problem.

12Chapter 2: Background: Semiconductor MamufacturingIn other ways, the semiconductor manufacturing domain is less complex thanother domains. Semiconductor manufacturing plans are mostly linear sequences ofoperations. Unlike many physical systems, feedback and feedforward are not present toany significant degree. Also, apart from rework loops in photolithography modules,(which can be safely ignored for the most part) the plans have none of the recursionsand iterations that complicate reasoning about software programs. The parallelisminherent in semiconductor manufacturing is strictly lock-step. There is no need to reasonabout temporal interactions between concurrent asynchronous processes.The problem of diagnosing manufacturing problems in this domain iscomplicated, however, by the fact that the semiconductor industry is characterized byfast-paced development. Advancing the state of the art is the key to remainingcompetitive in this industry. New devices, circuits and manufacturing processes arecontinually being designed. This places a high premium on adaptability.To a degree one can identify a hierarchy of stability. The science that underliesthe design of new types of devices and the use of new materials is updated the leastfrequently. New processing techniques and equipment are developed more frequently,but not as frequently as are new manufacturing plans, and test-structures. This is onereason that most applications of symbolic, knowledge-based reasoning have preferred toconcentrate on individual processing operations. It is difficult to represent knowledgeabout complete manufacturing processes in an manner that enables it to adapt tochanges in the manufacturing plan. This is a primary focus of our research.

Chapter 3. Experiential KnowledgeIn this chapter we briefly describe experiential knowledge, and introduce heuristic rulesas a method of representing and reasoning with experiential knowledge. We thendescribe the concept of a causal association network, as a variant of the heuristic-ruleparadigm that is particularly appropriate for diagnostic tasks in engineering domains.Next we describe the particular representational machinery we employ: the HyperPIESsystem [10, 11]. Finally, we discuss the relative advantages and disadvantages of thisapproach to knowledge representation in the context of diagnosis in the semiconductormanufacturing domain.3.1. What is Experiential Knowledge?In this document we distinguish between experiential and theoretical knowledge asthough they were two categorically separate kinds of things. In truth, these two types ofknowledge are at best fuzzy categories. There is a spectrum in the degree to whichknowledge is based directly on experience, as opposed to being driven by aestheticuniversal principles. The content and the source of the knowledge determine whether itshould be deemed experiential or theoretical, and what advantages and limitations ithas. However, in practice content and form go hand in hand in symbolic representationsof knowledge, because of the way the knowledge is acquired and how it is used. Evenwhen the source of knowledge might be deemed theoretical, if it is represented in thefashion usually reserved for experiential knowledge, it often inherits the samelimitations. Thus, our working definition of experiential knowledge necessarily confusescontent and form to a degree. For our purposes, experiential knowledge has severaltraits:a)Experiential knowledge consists of a relatively large collection of facts;b)These facts usually concern quite specific situations, identified by a set ofcharacteristic properties, so that each fact has a limited range of applicability;c)The facts make predictions about additional properties that should be expectedof the situation: for this reason, the facts represent potential inferences;

14Chapter 3: Experiential Knowledged)The facts rarely invoke universal principles to articulate a rationale for belief inthe expected additional properties;e)There is often uncertainty about the predictions, either because the situations arenot completely characterized (so that new situations that match the statedcharacteristics are not truly sufficiently similar ), or there is a source of noise orrandomness; andf)The potential inferences that the facts represent tend to be �large.� That is, if onecould imagine explaining the rationale for the inference in more theoreticalterms, the explanation would be a long one.Experiential knowledge is most often obtained through a process called�knowledge acquisition,� and represents a codification of the experience of one or morehuman experts in a specific domain. The desire for compactness and efficiency, and thetedium involved in acquiring the knowledge both contribute to the tendency for theindividual inferences to be large. An example of a simple but large inference fromeveryday experience is: in a car with a dead battery, turning the key does not start theengine. Explaining this inference requires explaining the relationships between thebattery, the key and parts of the engine, such as the starter motor, the ignition system,the spark plugs and the alternator.3.2. Representing Experiential KnowledgeHeuristic rules [12] are the primary technology employed to represent experientialknowledge. A rule is a conditional statement of the form �IF <situation> THEN<action>.� Such rules directly associate observable conditions described in the<situation>˚ component of the rule with conclusions that can be drawn or actions thatshould be taken described in the <action>˚ component of the rule. They are called�heuristic� because there is no guarantee that they are correct in all contexts: thereasoning system assumes that the rules are independent of one another, except to thedegree that they �chain.� Rules chain when the conclusions drawn by one rule affect thesituation recognized by another.An �inference engine� employs the rules, which are collected into a (rule-based)�knowledge base,� to draw inferences in one of two ways. A forward-chaining inferenceengine works by matching the <situation>˚ components of the rules to its representationof the state of the world. It then draws the conclusions warranted by the <action>˚components of the rules for which the matching process succeeds. A backward-chaininginference engine matches the <action>˚ component of the rules against the world-state,and hypothesizes that the <situation>˚ descriptions of the rules that match are valid. The

3.2. Representing Experiential Knowledge15system may represent the state of the world using sentences in a simple declarativelanguage (such as object-attribute-value triples), or it may employ �frame-based�representations that represent objects using descriptive �slots� and provide aclassification system with inheritance.In many cases, the rules in diagnostic rule-based systems represent associationsbetween observable manifestations of failures, and the events that caused them. Therules are often written in the causal direction, that is, they take the form �IF <faultoccurs> then <manifestation will be observed>.� Then a backward-chaining inferenceengine uses the rules to determine what faults might explain those manifestations thathave been observed. When the knowledge base takes this form, the rules constitute apartial causal model of the behaviour of the system being diagnosed. It is partial becauseit only addresses causal connections between abnormal behaviours: it does not explicitlymodel the mechanisms involved in the normal behaviour. Further, it can only weaklyaddress interactions between faults, as the causal associations are assumed to beindependent.Some researchers have recognized the �partial causal model� nature of suchknowledge bases and made it explicit, representing diagnostic knowledge as an explicitnetwork of causal associations. Structuring the knowledge base this way facilitatesknowledge acquisition. The first system to use this approach, in the domain of medicaldiagnosis, was called CASNET (Causal ASsociation NETwork) [13]. In this system thecausal network made it possible to capture the time-behaviour of progressive diseases.The causal association network representation enables a hybrid of forward- andbackward-chaining reasoning highly suited to the diagnostic task. Followingassociations backwards from manifestations to the faults that can explain them can beused to generate hypotheses. The hypotheses can then be verified˚by following theassociations in the forward direction to determine whether additional manifestationsexpected of the hypothesized faults are actually present.

16Chapter 3: Experiential Knowledge3.3. HyperPIES1The first system that employed an explicit causal network for diagnosis in thesemiconductor manufacturing domain is described in [10]. This system, called PIES“(Parametric Interpretation Expert System) was developed to perform the parametricinterpretation task. This diagnostic task consists of examining the results of parametricmeasurements on the devices and special test structures manufactured, anddetermining, for those wafers with measurements that fall outside acceptable range,what might have caused the failure.The system is designed to facilitate knowledge acquisition by domain experts. Itimposes a structure that is specific to the manufacturing domain, and organizes theknowledge as a set of cases. The imposed structure consists of four levels at whichabnormalities can be described: Measurement-Deviation, Physical-Anomaly (waferstructure), Process-Anomaly, and Root-Fault. Within each of these four main categoriesof classification, the abnormalities can be further classified. For example, Root-Faultabnormalities are further classified into four categories�equipment failure, humanerror, bad source materials, and bad environment; Process-Anomaly abnormalities areclassified by type of process involved and type of deviation; Physical-Anomalyabnormalities are classified by the type of structure involved; and Measurement-Deviation abnormalities are classified by type of measurement and the structure onwhich the measurement is made.All causal associations are between nodes at one of these main levels (intralevelassociations) or between two adjacent levels (interlevel associations). The latter make upthe majority of the associations captured. For example, an abnormal structure on thewafer is invoked to explain an abnormal measurement, by having an interlevel causalassociation �link� in the network between a node at the Physical-Anomaly level and anode at the Measurement-Deviation level. Abnormalities in processing, represented bynodes at the Process-Anomaly level, are linked as possible causes of abnormal waferstructures. Finally, Root-Fault nodes represent ultimate causes for manufacturingfailures, and are causally linked to nodes at the Process-Anomaly level. When viewing a

1PIES, HyperPIES, HyperClass, MetaClass and Class are trademarks of SchlumbergerTechnologies, Inc.

3.3. HyperPIES17node in the network, one can immediately and easily see what nodes it is associatedwith, and thus what the possible causes are for the abnormality it represents, and whatother abnormalities it potentially explains.The PIES system was originally written in Common LISP with a character-basedinterface intended to work on �dumb� terminals. Since then, the program has beenported to the HyperClass“ environment developed by Schlumberger, Inc. Thisenvironment extends Common Lisp with an object-oriented programming system calledClass“ and a set of objects, collectively called MetaClass“, that facilitate creatinggraphical user interfaces (GUI�s). The net impact of this port is to provide PIES with amouse and windows graphical user interface. The ported system is called HyperPIES“.This is the system that will be used to represent experiential knowledge in this work.In HyperPIES“ the abnormalities are represented by a class of programmingobjects called Fault Concepts, which are organized into a taxonomic hierarchy with thefour main levels as the first level of differentiation. For abnormalities that representdeviations in a continuous physical quantity, the system requires separate fault conceptsfor each of several qualitatively distinct classes of failure, indicated by the terms very-low, low, high, and very-high (for example, IDSAT-VERY-LOW).Causal associations among the fault concepts are represented by a class ofprogramming objects called Causal Links. Uncertainty is handled by a measure calledassociation-strength, that may take on one of several qualitative values: must, very-likely,likely, probably, and maybe. As the value names suggest, association-strength is aprobabilistic concept. However, it is entirely subjective, and the space of events overwhich these probability densities might range is left undefined.Figure 3.1 illustrates the top-level �control panel� editor that the user ispresented with upon starting the PIES system. It provides five top-level functions, whichare quite self-explanatory. Invoking the �INSPECT existing fault concept� function bymouse-clicking on either the name/explanation text at the top of the editor or on theleftmost of the �buttons� that span the central area of the editor causes a simple menu-like editor to appear as at the left in figure 3.2 below.

18Chapter 3: Experiential KnowledgeP I E S INSPECT existing fault concept: Select to inspect an existing fault conceptDELETE fault concept: Select to delete a fault conceptADD new fault concept: Select to introduce a new fault conceptANALYSE test data: Select to perform Diagnosis on a data fileEXIT: Select to exit from PIES system INSPECT existing fault conceptDelete fault conceptADD new fault conceptAnalyze test dataEXITCopyright (c) 1988,1989,1990 by the Manufacturing Knowledge System Group, ATE/Schlumberger Technologies, Inc. All Rights Reserved. This software contains unpublished confidential and trade secret information belonging to Schlumberger Technologies, Inc. It may not be copied or modified for any reason, without the express written consent of Schlumberger Technologies, Inc.Figure 3.1 HyperPIES top level control panel<abort><Back to Last Choice><Reset/Clear>ROOT-FAULTPROCESS-ANOMALYPHYSICAL-ANOMALYMEASUREMENT-DEVIATIONPIES at your service<abort><Back to Last Choice><Reset/Clear>VT-DEVIATIONIDSAT-DEVIATIONIDS35-DEVIATIONGM-DEVIATON PIES at your serviceFigure 3.2 Traversing Fault Concept Taxonomic HierarchyThe first version of the menu indicates the top-level differentiation of faultconcepts into the four main abnormality levels. Selecting any one of these with a middlemouse click causes the menu to disappear and reappear showing the children of thefault concept class that was selected. In the figure, selecting MEASUREMENT-DEVIATION results in a new menu showing the four classes of measurementabnormalities captured in the knowledge base. Selecting a fault class with the leftmouse-button brings up a fault-concept editor that can be used to indicate causalassociations between the selected fault concept and others selected through a similarprocess. However, the system intends that causal associations be established onlyamong fault concepts at the leaves of the fault-concept classification tree. If a user left-clicks on a non-leaf fault-concept class, the system warns the user with a dialog box thatpermits the user to change his/her mind or go ahead.

3.3. HyperPIES19FAULT CONCEPT EDITORFAULT CONCEPT: GATE-OXIDE-THINEdited: 14-Sept-87 16:01:56 PDT By: Dishaw LIST-OF-CAUSES: GATE-OX-TIME-SHORT [very-likely] and GATE-OX- TEMP-LOW [maybe] LIST-OF-EFFECTS: VT-LOW-N/LONG [likely], VT-LOW-N/SHORT [likely], VT-LOW-P/LONG [very-likely], GM-VERY-HIGH-N/LONG [likely], GM-HIGH-N/ SHORT [likely], GM-VERY-HIGH-P/LONG [likely], GM-VERY-HIGH-P/SHORT [likely], IDS35-VERY-HIGH-N/LONG [likely], IDS35-VERY-HIGH-N/SHORT [likely], IDSAT-VERY-HIGH-N/LONG [probably], IDSAT-VERY-HIGH-N/ SHORT [likely], IDS35-HIGH-P/LONG [likely], IDSAT-VERY-HIGH-P/LONG [likely], VT-LOW-P/SHORT [very-likely], IDS35-HIGH-P/SHORT [likely], IDSAT- HIGH-P/SHORT [likely], VT-VERY-LOW-N/LONG [maybe], and IDSAT-HIGH- N/SHORT [maybe]LIST-OF-EFFECTSQUITLIST-OF-CAUSESFigure 3.3 Fault Concept EditorFigure 3.3 displays the fault concept editor for the fault concept GATE-OXIDE-THIN. The two main fields displayed are the LIST-OF-CAUSES, which lists the causalassociations between this fault concept and those that might explain it, and the LIST-OF-EFFECTS, which lists the causal associations between this fault concept and those that itmight explain. The buttons containing the names of these fields can be used to invoke amenu that allows for the inspection, addition, or deletion of causal associations. Theinspection and addition options invoke the CAUSAL-LINK-EDITOR, shown below.Clicking on the bold field names with the middle mouse button enables the user to editthe contents of that field. Some fields, such as the CAUSE-LEVEL, EFFECT-LEVEL andLINK-TYPE fields, are automatically determined by the user�s choices for other fields.Diagnostic reasoning in PIES follows a multilevel hybrid approach similar to thatdescribed in the previous section. The parametric measurements are first processed toabstract qualitative symbolic symptoms from the quantitative data. Statistical techniquesare employed to remove invalid �outlying� data points considered to have arisen frombad electrical contacts. Then mean and standard deviation statistics for eachmeasurement are computed for all the wafers in the lot being diagnosed. Finally, theseare compared with limits provided by process engineers to classify measurements as

20Chapter 3: Experiential Knowledgevery low, low, normal, high, or very high. These classifications constitute the initial setof measurement-level symptoms.C A U S A L L I N K E D I T O RCAUSAL LINK (name for reference only): GENERIC-CAUSAL-LINK-98Edited: 10-Nov-87 13:58:04 PDT By: Dishaw CAUSE: GATE-OX-THIN CAUSE-LEVEL: PHYSICAL-STRUCTURE-LEVEL EFFECT: VT-LOW-P/SHORT EFFECT-LEVEL: MEASUREMENT-LEVEL LINK-TYPE: INTER-LEVEL-CAUSALITY ASSOCIATION-STRENGTH: VERY-LIKELY OBSERVATION-COUNT(^): REFERENCE-LIST(^): <...empty...> COMMENT-LIST(^): <...empty...>QUITFigure 3.4 Causal Link EditorThe diagnostic procedure progresses level-by-level through the four levels ofabnormalities, repeating for each level the same hypothesis and verification cycle. Thecausal links are followed backwards from the initial set of symptoms (or the hypothesesat the previous level) to form a set of hypotheses at the next higher level. This set ofhypotheses is augmented by abnormalities at the same level linked through intralevelcausal associations. The causal links emanating from these hypotheses are then followedin the forward direction to form expectations regarding additional symptoms at the nextlower level. These expectations are compared with the failure hypotheses at that levelthat have been concluded thus far. These comparisons result in matching scores for eachfailure hypothesis, indicating how well the hypothesis� expected symptoms match thecurrent situation. The hypotheses are sorted by their scores, and hypotheses withsufficiently low scores are eliminated. The remaining hypotheses form the symptom setfor the next stage of reasoning. In this way, Measurement-Deviation abnormalities areused to generate and verify hypotheses at the Physical-Anomaly level, Physical-Anomaly abnormalities generate and verify hypotheses at the Process-Anomaly level,and Process-Anomaly abnormalities generate and verify hypotheses at the Root-Faultlevel.

3.3. HyperPIES21The MetaClass“ system includes methods for generating displays of node-and-arc graphs. This facility is primarily used to display the directed acyclic graphs inducedby the taxonomic relationships among classes. However it can also be invoked to displayother graphs. The HyperPIES system uses it to display the results of its diagnosticreasoning as a graph. The leftmost nodes in the display are the hypothesized diagnosesin order of likelihood from top to bottom. From these arcs extend to the nodes thatrepresent evidence for the hypotheses. This analysis-results graph is thus a sub-graph ofthe complete causal association graph. Figure 3.5 illustrates a simple version of such acausal analysis graph, for a case in which a single Process-Anomaly fault is concluded.˚˚P I E S CAUSAL ANALYSIS GRAPH*(1):WELL-II-VERY-LOW(8.0/8.0)WELL-CONC-VERY-LOW(6.0/6.0)P-CH-CONC-LOW(5.2/5.2)VT-VERY-LOW-P/LONG(1.0/1.0)VT-VERY-LOW-P/SHORT(1.0/1.0)GM-HIGH-P/LONG(1.0/1.0)GM-HIGH-P/SHORT(1.0/1.0)IDS35-HIGH-P/LONG(1.0/1.0)IDSAT-HIGH-P/LONG(1.0/1.0)IDS35-HIGH-P/SHORT(1.0/1.0)IDSAT-HIGH-P/SHORT(1.0/1.0)

Figure 3.5 PIES Causal Analysis Graph3.4. Strengths and Weaknesses of Experiential KnowledgeIn a causal association network, only one predicate is being manipulated by thecomputer. This predicate might be called CAUSES (as in A CAUSES B). A link in thenetwork indicates that the event or condition represented by one node is a potentialcause˚for the event or condition at the node it is linked to. Inversely, the event orcondition represented by the second node is a possible consequence or manifestation ofthe event or condition represented by the first node. The nodes being linked, however,are atomic and opaque: they can represent anything. Indeed, a node consists of little elsethan a symbolic name for the condition or event it stands for.This representational scheme provides great flexibility. One can indicatepotential causal relationships between any two phenomena that one can give names to.However, this flexibility comes at a cost. There are two interrelated problems connected

22Chapter 3: Experiential Knowledgewith it that together are often described as �brittleness� of the knowledge base. The termbrittleness refers to the inability of knowledge-based systems to adapt to changes incontext. The semiconductor world is characterized by rapid and continual change.Semiconductor manufacturing plans have a short life-span. Thus, it is a seriousshortcoming if a system designed to diagnose a manufacturing plan cannot adaptquickly to changes in the plan.The first problem is that the applicability of the knowledge in an experientialknowledge base depends on contextual assumptions that are not explicitly represented.In our case, these contextual assumptions concern the structure of the manufacturingplan. As a consequence, such knowledge might be applied inappropriately in a newcontext. The second problem is that the applicability of the knowledge is undulyrestricted by the specificity of the terms employed (the choice of symbolic names used torepresent events and conditions). This can lead to the possibility that knowledge that isrelevant might not be applied.These two problems are present to some degree in all knowledge-based systems,regardless of the knowledge-representation used. However, systems based on directassociations between high-level concepts are especially prone to these problems. Inparticular, the contextual assumptions are not made explicit because they cannot beusefully represented: the impact of a change in these assumptions cannot be deduced, asthe knowledge is not represented with sufficient detail to permit an indication of howthe associations depend on the assumptions. Similarly, knowledge encoders use overlyspecific terms because they are unable to describe in a general way how classes ofconcepts are interrelated. In both cases, alleviating the problem requires representingknowledge of the domain with greater detail, at a finer level of �granularity.�Consider this example of an association from the PIES knowledge base (entitledAESOP) constructed by Patrick Dishaw [11]:POLY-GATE-UNDER-ETCH fiCHANNEL-LENGTH-LONGThis association reports a connection between a processing anomaly (underetching of the polysilicon gate) and a physical structure anomaly (overly long channellength). The association was determined by statistical experiments with a simulator.However, much is understood concerning why such a connection should occur.

3.4. Strengths and Weaknesses of Experiential Knowledge23At one stage of processing, a layer of polysilicon sits over a thin layer of silicondioxide, which in turn sits over the single crystal silicon substrate. The polysilicon layerhas a layer of photo-sensitive resist above it which has been �patterned� (i.e., selectivelyremoved in some areas but not others) by a sequence of photolithography steps (figure3.6).An Etch step is then performed, during which the polysilicon in those areas notcovered by resist reacts with a plasma of a reagent, and is thus removed little by little,working from the exposed surface towards the interface with the silicon dioxide. Theresult is that the polysilicon is completely removed from the wafer in those areas notcovered by resist. The pattern in the resist is thus �transferred� into the polysilicon layer.

OxidePolysiliconResist

Figure 3.6 Configuration just before Poly Gate EtchAn electric field directed perpendicular to the surface of the wafer helps to makethis etching process anisotropic: the process works faster in the �vertical� direction thanin the �horizontal� direction. Nonetheless, some material is removed laterally as well asvertically, so that some material is removed from under the resist, and the �sidewalls� ofthe remaining polysilicon are at a slant (about 70 degrees, in this case; figure 3.7).Indeed, the etching process is purposely continued about twenty percent longerthan is required to etch through the vertical thickness of the polysilicon layer so that thislateral etching can move the lateral boundaries of the polysilicon under the boundariesof the covering resist.

24Chapter 3: Experiential Knowledge undercut 70� sidewall

Figure 3.7 Configuration after Poly Gate EtchLater in the process an Ion Implantation step is performed. During this step, ionsof a dopant are directed at the wafer with sufficient energy that they penetrate thesurface and come to rest at some distance below the surface. In those areas not coveredby polysilicon, the ions enter the silicon substrate, whereas in the covered areas the ionscome to rest primarily in the polysilicon layer.

Source Gate Drain channel lengthFigure 3.8 Formation of MOSFETStill later an Annealing step will cause the ions to be incorporated into the crystallattice of the silicon, forming p- or n-type doped regions, depending on the type of thedopant. Thus, the inverse of the pattern of polysilicon is transferred into a pattern of p-or n-type doped regions in the silicon substrate (figure 3.8).The resulting structure is a Field Effect Transistor. The polysilicon serves as theGATE of the transistor, and the doped regions form the transistor�s SOURCE and

3.4. Strengths and Weaknesses of Experiential Knowledge25DRAIN terminals. The CHANNEL LENGTH is the lateral distance between the edges ofthe source and drain regions, i.e., the length of the region between them that lacksdopant ions.In the diagnostic association, the process-level anomaly named POLY-GATE-UNDER-ETCH refers to a failure condition in which the ETCH step that defines thePOLYsilicon GATE is performed for too short a period time. The expected result is thatthe lateral etching described above takes place for a shorter time, and thus the gatestructure is longer than it should be. Since the polysilicon of the gate acts as a mask tothe control the implantation of dopant ions in the Ion Implantation step, the increasedlength of the gate is ultimately reflected as an increased CHANNEL LENGTH.The context not represented in this case includes the following:1)the process used by the Etch step in question is not completely anisotropic (it ispossible for the degree of anisotropy to be much higher, so that very little lateraletching takes place at all; in this case a more isotropic process was employedbecause the sloping walls that result make laying metal wires over the structureless troublesome);2)the etch operation is masked: in some areas the wafer is covered with a material(photoresist) that resists etching, while in others the polysilicon is exposed to theetch process, so that etching occurs only in the exposed areas;3)the duration of the etch step is intentionally extended to compensate for thesloping walls by moving them back under the resist;4)the process is �self-aligned�: that is, the edges of the source and drain regions aredetermined directly by the edges of the gate, rather than by photolithographywith another mask.At the same time, the association is too specific. Clearly, any time that lateraletching is taking place a failure to etch sufficiently will have an impact on the lateralpositions of the walls formed by the step. However, this association applies only whenpolysilicon is being etched, and only refers to the impact on a single type of structure(the MOSFET Gate), despite the fact that the very same etch step is also simultaneouslycreating other structures, such as polysilicon wires and capacitors. Although additionalcausal associations might link the over-etching of the polysilicon gate with physicalanomalies in other structures being simultaneously manufactured, there would be norepresentation of the fact that these additional associations are instances of the samegeneral phenomenon. Each such association would have to be added independently.This fact contributes to potential problems with the completeness of an experiential

26Chapter 3: Experiential Knowledgeknowledge base. In truth, the AESOP knowledge base does not have these additionalassociations, because the associations were obtained by simulating the manufacturingplan using numerical simulators, and these other structures were not among thosewhose manufacture was simulated. (Any model-based knowledge base would suffer thesame incompleteness when the structures reasoned about do not include all typicalstructures being manufactured.)Further, whenever an Ion Implantation step is masked by a structure on thewafer, any deviation in the lateral positions of that masking structure�s edges will affectthe edges of the regions formed by the implanted dopants, but this association isrestricted to talking about the channel length of MOSFETs.In part, the over-specificity in this example was an effort to incorporatecontextual information. There are several etch steps in any process, and there are manystructures created on the wafer, but it is necessary to identify the etch steps andstructures that correspond to each other: which etch steps define the edges of whichstructures? Which etch steps and structures are appropriately CAUSALLY linked? In theexample, this question is finessed by referring to a specific etch step and a specificstructure known to be causally linked. This solution is necessary because the PIESsystem has no representation of the manufacturing sequence, the wafer structurescreated, or how these relate to one another in general.

Chapter 4. Theoretical KnowledgeIn this chapter we briefly describe model-based reasoning as a method of representingand reasoning with theoretical knowledge. We then discuss some aspects of themanufacturing domain in general, and the semiconductor manufacturing domain inparticular, that introduce additional complexity to the model-based reasoning approach.Next we describe the general character of the modeling technology we employ: theGordius system [14], comparing and contrasting it with first-order predicate logic andcalculus. After that introduction, we continue with a detailed discussion of the elementsof the representational machinery. Then we discuss in some detail how the machinery isused to represent theoretical knowledge of the semiconductor manufacturing domain.Finally, we summarize some of the main points of the chapter.4.1. Model-Based ReasoningOne alternative to driving the diagnostic task with experiential knowledge is to appealto theoretical knowledge. In the case of engineered systems, the relevant theoreticalknowledge available concerns how the system works, or why it works the way it does.The key idea is that understanding how the system works is an aid, though not aprerequisite, to diagnosing why the system might be failing.The term �Model-Based Reasoning� refers to reasoning about the behaviour ofsystems using models of the mechanisms underlying that behaviour. The design of thesemodels supports generation of causal explanations for the behaviour of the system. Insome cases, causal descriptions are obtained from acausal (equation) models via aprocess call causal analysis [15]. One can distinguish two approaches to model-basedreasoning. The first approach, which we term �holistic,� directly describes the behaviourof the entire system [16]. This description is composed of functional dependencies andbehavioural events. The behavioural description may or may not reflect the structure ofthe system. The system�s behaviour is described directly, not inferred from the system�sstructure. The second approach is �reductionist�: the system is decomposed into sub-components which have behavioural models [3, 17-20]. The behaviour of the system as a

28Chapter 4: Theoretical Knowledgewhole is then inferred from the models of the behaviour of the sub-components and thedescription of how the sub-components are connected to form the system (the system�sstructural description).Model-based techniques can represent knowledge at a greater level of detail thanis generally possible with direct causal associations or heuristic rules, without aconcomitant increase in the size of the knowledge base required. This is because themodels they employ are compact axiomatic systems from which large amounts ofdetailed information can be derived by deduction. This is especially true for thereductionist approach, wherein modeling the behaviour of a few components permitsthe generation of behavioural descriptions for large complex systems composed fromthose components.Diagnosis is performed by propagating information about observed anomaliesbackwards along the �causal pathways� of the system to identify what components ofthe system might be responsible for the observations. The causal explanation descriptionof the system�s behaviour generated by model-based reasoning identifies these causalpathways.In addition to the small size of the knowledge base that one has to construct, thekey advantage of the model-based approach stems from the generality of the models,which leads to a form of robustness. The models are written in a sufficiently generalfashion that they apply to a wide variety of potential situations. In the case of the holisticapproach, the models are written to correctly predict the response of the system to awide variety of possible stimuli. In the reductionist approach, the component models arewritten to correctly predict the behaviour of the components (or correctly predict whatprocesses will act) in a wide variety of contexts in which the components may be used.This in turn implies that the behaviour of a wide variety of systems composed of thesecomponents can be predicted, and explained in causal terms.The reductionist approach can be further subdivided into two categories: device-centered and process-centered. The device-centered approach attaches a model ofbehaviour directly to each sub-component of the system. It is called device-centeredbecause the construction of models is centered on describing how these sub-components, or devices˚behave. A prime example of the device-centered approach toreductionist model-based reasoning is the work on reasoning about digital circuits [20,

4.1. Model-Based Reasoning2921]. In this work, the behaviours of individual gates and/or sub-assemblies such asregisters are described, and the behaviour of a complex circuit composed of suchcomponents is inferred.Rather than attaching behaviours to devices, the process-centered approachconcentrates on describing the world in terms of continuous phenomena calledprocesses˚that spontaneously occur whenever specific circumstances hold [18]. Theseprocesses act like Newtonian forces, influencing particular physical variables to changecontinuously. Like forces, when several processes influence the same physical variables,their impact is determined by summing these influences. This approach is mostsuccessful when applied to systems describable using first-order ordinary differentialequations.4.2. Special Considerations of the Manufacturing DomainIn our domain, the �system� to be reasoned about is the manufacturing process, which isdriven by a manufacturing plan. The constituent components of the process are theindividual manufacturing operations called for in the plan. In manufacturing domainswhich involve assembly of sub-assemblies, the topology of the system is a tree thatbranches backwards in time: the assembly operations are the nodes with multiplebranches, because they bring together independently manufactured sub-assemblies. Inthe semiconductor domain, the topology of the system�s structure is quite simple: theoperations are performed in linear sequence (we shall not be concerned, for the mostpart, with the minor ways in which real semiconductor manufacturing processes deviatefrom a linear sequence).A device-centered reductionist approach is most appropriate for thesemiconductor manufacturing domain. In this domain, the �devices� to be modeled arethe manufacturing operations. The models describe the behaviour of each operation bydescribing the impact of each operation on the materials being processed. In this way thediagnostic system can adapt to changes in the manufacturing plan, because themanufacturing plan is an explicit input into this computational process. The causalpathways through the manufacturing process are inferred by reasoning with models ofthe individual operations.There are different levels of granularity at which the manufacturing operationsmight be modeled. At one level, each operation can be viewed as a discrete action which

30Chapter 4: Theoretical Knowledgehas a well-defined impact on the product being manufactured. At another level, themodeler can recognize that a single operation can span an interval of time during whichprocesses act continuously to modify attributes of the product being manufactured. Ourfocus is on the manufacturing process as a whole. We will be concerned with how theindividual operations interact and combine to form a complete manufacturing process.Thus, we will concentrate on the discrete action level of granularity. Indeed, for thatreason we call the model-based component of our reasoning system the Discrete ActionSystem (DAS). A system that focused on the diagnosis and/or control of a singleoperation might prefer to reason at the continuous process level of granularity.The manufacturing domain differs in one important respect from most domainsin which device-centered model-based reasoning has been applied previously. Thistechnique has been applied in domains in which the topology of the system�s structure isfixed, and the signals that are transferred between the system�s components arerelatively simple. For example, in the digital circuit domain the structure of the system isgiven by the topology of interconnections among the gates, and the signals that passbetween the gates are simple boolean values.There are two ways to view the situation in the manufacturing domain. One wayis to consider that the components of the system are the operations, and that thetopology of the system�s structure is the fixed topology of the manufacturing plan. Inthis view, the signals that pass between the components are descriptions of the productsbeing manufactured. These signals are quite complex. The description of the product ishighly structured, and does not necessarily have a fixed number of variables. Forexample, in the semiconductor domain the product is the wafer and its descriptionincludes many variables for the attributes of an a priori˚undetermined number of regionsand physical layers. The number of variables and the structure of the signal isdetermined by the behaviour of the manufacturing process � what kind of product itproduces.On the other hand, one could decide that the signals are the variablesrepresenting individual attributes, and the topology of the system is the topology offunctional dependencies among these variables. In that case, the system�s topology is notknown a priori.˚One must simulate the manufacturing process to determine what thevariables are and what the topology of the functional dependencies is among them.

4.2. Special Considerations of the Manufacturing Domain31Further, when diagnosing failures, one must contend with the possibility that the modeof failure induces a change in the topology of the functional dependencies.Regardless of which view one prefers to take, the key issue is that beforediagnostic reasoning can take place it is necessary to assimilate the manufacturing planby symbolically simulating it to determine the structure of the signal and/or thetopology of the system. If fault modes that change the topology of the wafer are to behandled, then it is also necessary to simulate such faults.This need for assimilation is also true of systems that employ the process-centered approach to model-based reasoning. It is necessary to perform what is called an�envisionment� or at least a simulation to determine what processes might be acting,and thus what functional dependencies exist in the system. An envisionment attempts tocreate a finite discrete description of all states that the system might enter, and all waysthat the system might make a transition from one state to another. A simulation startsfrom a single initial state and traces a single path or a forward-branching tree of pathsthrough states attainable from that initial state.It is sometimes the case that one cannot directly observe characteristics of theproduct manufactured. This is indeed true in the semiconductor domain. In such cases,the failures to be diagnosed are detected as anomalies in the behaviour of the product.Thus, as well as modeling and reasoning about the behaviour of the manufacturingprocess, to perform diagnosis one must also model and reason about the behaviour ofthe product that was manufactured. In this work we model the behaviour of the devicesand test-structures created on the wafer with simple analytical expressions. Theseexpressions describe the behavioural features of devices as functions of their physicalfeatures. The efficacy of this approach was demonstrated in [6, 7] and in [4, 5].4.3. The Modeling Technology4.3.1. The Gordius SystemThe Discrete Action System is built on a system called Gordius [14] that was designedfor reasoning qualitatively about plans. This subsection describes that system,comparing it with Predicate Logic and the Predicate Calculus.

32Chapter 4: Theoretical Knowledge4.3.1.1 Gordius versus Predicate LogicThe key input to the Gordius system is a description of the actions of which plans arecomposed. This description includes statements about the preconditions necessary forexecution of an action, the effects of executing an action, and any constraints that mighthold while the action is executed. The actions can be parameterized, in which case thedescription names these parameters and indicates their types.These statements are made in a formal language that consists of a Lisp syntax forFirst-Order (Predicate) Logic (FOL) [22]. However there are several distinctions to bemade between the Gordius language and predicate logic. Predicate logic is a system forexpressing facts. The logic is concerned with the syntax for expressing facts, howmeaning is assigned to the resulting expressions, and what other facts are entailed˚by agiven set of facts. The predicate calculus is concerned with rules of inference: how newfacts are derived from old ones. This can also be viewed as: how the entailment of newfacts by old ones is proven. The Gordius language is an extension of the predicate logic,but only a subset of the predicate calculus.The first extension is that the Gordius language is a typed logic. All constants,functions and variables in the language have a specific type, and quantified statementsare always quantified over individuals of a specific type or elements of a set that is asubset of all individuals of a specific type. The language employs an object-orientedapproach to defining types and specifying for each object-type what attribute functionsapply to it. A simple form of taxonomic hierarchy is supported, and information aboutthe applicability of attribute functions is inherited.The second extension is that the Gordius language includes a simple form ofnonmonotonicity. Reasoning about plans requires reasoning about time. Gordiusreasons about time explicitly. That is, time is an explicit variable in expressionsconcerning the value of an object�s attributes and in statements about change. Anysystem that explicitly indexes the values of functions or the truth of statements by timeincurs a problem known as the Frame˚problem [23]. Stated simply, the frame problemarises because we cannot deduce anything about the world at a given time fromknowledge of the world at a previous time, unless we somehow axiomatize inertia �the fact that truths tend to persist through time. Gordius handles this problem bymaking persistence assumptions.˚Whenever an object is created or an attribute of an object

4.3. The Modeling Technology33is changed to a new value, Gordius explicitly assumes that the new object continues toexist or the attribute retains its new value forever, unless it can prove otherwise.Here is where nonmonotonicity comes in. Normally, in predicate logic theaddition of new facts to a knowledge base does not change the set of facts entailed bythose facts previously in the knowledge base. One says that the body of facts entailedgrows monotonically as new facts are added. In Gordius, the addition of new facts canchange the set of facts entailed, because the new facts can contradict the persistenceassumptions. For example, the discovery that an etching operation removes a layer fromthe wafer contradicts the assumption that the layer continues to exist forever. Thus, theGordius system is nonmonotonic: facts previously held to be true, such as that a layer�sexistence persists beyond a certain time, can become false as new information isobtained. This approach is similar to that of Yoav Shoham�s potential histories [24]. Thesituation is simplified in Gordius by the fact Gordius does not have to reason about thepersistence of continuous change such as motion. All change is confined to occur withinthe time intervals spanned by actions. Between these dynamic intervals, all values arequiescent, and Gordius only reasons about the persistence of these quiescent values. Thefine time-structure of events internal to a dynamic interval is not reasoned about: onlythe ultimate impact of the action is described. Thus, Gordius need not concern itself withthe problem of deciding when potential histories intersect.4.3.1.2 Gordius versus Predicate CalculusThe reasoning mechanisms of Gordius differ from predicate calculus in two significantways. The first way concerns concrete versus abstract reasoning, and the secondconcerns semantic attachment. Predicate calculus is said to be both sound˚andcomplete.˚The soundness of predicate calculus implies that only facts that are entailed canbe deduced. The completeness of predicate calculus implies that every fact that isentailed can be deduced. Unfortunately, predicate calculus is also only semi-decidable. Ifa fact is not entailed, then the predicate calculus inference procedure is not guaranteedto terminate. This means that it can take an infinite amount of time to decide whether agiven fact is deducible. Further, even when facts can be derived in a finite amount oftime, the amount of time it takes may be an exponential function of the number of factsin the knowledge base. The two major ways that Gordius differs from predicate calculusare both aimed at avoiding this time-complexity. Unfortunately, one difference (concretereasoning) makes Gordius incomplete, and the other (semantic attachment) makes thesoundness of Gordius difficult to demonstrate and maintain.

34Chapter 4: Theoretical KnowledgeTo describe the first difference, we introduce a distinction between abstract andconcrete reasoning. By abstract reasoning, we mean the inference of new generalstatements from other general statements. Consider the two statements: (a) �Everymammal is either male or female, but not both,� and (b) �If a mammal can bear children,that mammal is female.� These are general statements about all mammals. From thesetwo statements, we can easily infer that (c) �If a mammal can bear children, thatmammal is not male.� This is also a general statement about all mammals. The inferenceof (c) from (a) and (b) is an abstract inference: no reference to specific individuals wasrequired to make it. This sort of inference is within the purview of predicate calculus,though the actual derivation might be longer than one would hope.Abstract inference of this sort is not possible within Gordius. Gordius can onlyperform concrete reasoning, which we define as reasoning about specific individuals.Gordius accepts general statements of the form (a) and (b), but it can only apply them tospecific individuals. Thus, for every specific child-bearing individual Gordius will beable to conclude that the individual is female and therefore not male, but it will not beable to explicitly conclude the general statement that all child-bearing individuals arenot male. Note that this limitation does not in any way affect the meaning of thestatements made � it only affects the ability of the system to deduce the consequencesof these statements. In particular, the system will not deduce any general consequences.While this may seem like a very severe limitation, it does not turn out to be veryimportant for our application, as we are primarily interested in how the generalstatements about the effects of actions affect specific individuals (for example, specificlayers and regions on wafers). Also, it is a limitation that buys tremendous efficiency,because it reduces reasoning in predicate logic to the complexity of reasoning inpropositional logic, which is completely decidable (though still exponential).This limitation to concrete reasoning is due to the treatment of quantifiedstatements. General statements are made in predicate logic by introducing variables intothe expressions where terms representing individuals are appropriate, and quantifyingthose variables. There are two types of quantification. Universal quantification is used toexpress statements that apply to every member of a class of individuals. The statementsa and b in the example above are both universally quantified. We can rephrase theEnglish to better reflect how they would be written in predicate calculus: (a) �For every xthat is mammal, x is female and x is not male, or x is male and x is not female,� (b) �For

4.3. The Modeling Technology35every x that is mammal, if x can bear children then x is female.� Statement c above is alsoa universally quantified statement. Gordius handles universally quantified statementsby doing two things: it applies the statement to all appropriate individuals that it knowsabout and it sets up what is called a daemon. A daemon is a rule that fires whenever thesystem determines that a new individual (of appropriate type) exists. The daemonapplies the quantified statement to every new individual that comes along. Applying thequantified statement to an individual means substituting the constant naming theindividual for every occurrence of the quantified variable in the statement. This turnsthe quantified statement into a �ground� statement, which has no variables (and noquantifiers). Ground statements can then be treated as propositions.Existential quantification is used to express statements about the existence ofindividuals with certain characteristics without naming the individuals. The statement�John has a mother� employs existential quantification. This statement would beexpressed: �There exists x that is human, such that x is the mother of John.� For concretereasoners, existential quantification is problematic precisely because no specificindividuals are identified. For this reason, existentially quantified statements should notbe used as assertions in Gordius. They can be used, however, in places where they havea negative sense. This is because the negative of an existential statement is a universalstatement, and vice versa. Thus, one can use an existentially quantified statement in the�if� part of an �if-then� implication, because the �if� part has a negative sense. It is easy totest whether it is known that, �John has a mother.� For the same reason, one should notuse universally quantified statements in the test part of an implication (or other placewhere it would have a negative sense). The system can never be sure whether allindividuals of a given type satisfy a condition, because it can never know that it has metall individuals of that type. It also means that neither type of quantified statement can beused on either side of an equivalence statement. Both sides of an equivalence statementhave both positive and negative senses, as an equivalence statement such as �A if andonly if B� is logically equivalent to �if A then B and if B then A.� The exception to thisrule is universal quantification over the members of a finite closed set, since in this casethe system knows all the individuals involved (and knows that it knows!).There is one exception to this rule regarding the use of existential quantificationin Gordius. Gordius provides a quantifier called �CREATED,� which can be used toindicate that the effect of an action introduces a new individual of a given type at aspecific time. This is essentially an existential quantifier, equivalent to �There exists a

36Chapter 4: Theoretical Knowledgeunique individual x whose life span starts at time t such that...� However, since thestatement refers to a specific new individual the system can create a constant name forthe individual and reduce the expression to a proposition by substituting this name forthe quantified variable, as it does for universal quantification. Thus, the CREATEDquantifier is an existential quantifier that can be used where it would have a positivesense. Further, it generally does not make sense to use it where it would have a negativesense, and this is not permitted.The second major difference between Gordius and predicate calculus is thatGordius relies heavily on semantic attachment˚[25] Semantic attachment (also known asprocedural attachment) is the technique of using specially coded reasoning proceduresto make inferences concerning certain predicates, rather than relying on axioms and thegeneral rules of inference. A common example of semantic attachment concerns thetreatment of numbers. One could perform all reasoning regarding natural numbers byusing Peano�s axioms of arithmetic. However, it is generally more useful and efficient touse the computer�s built-in ability to represent and compute with numbers. Logicprogramming languages such as Prolog [26, 27] do precisely this.Gordius uses semantic attachment for two purposes, both aimed at reducing thecomputational time-complexity of reasoning. The first purpose is to take advantage ofthe fact that inference with iconic (or analogic) representations is often much moreefficient than formal manipulation of sentences in logic. An iconic representation is arepresentation that employs a data structure or procedure that has an isometricrelationship to the logical relations of interest. For example, the ordinal relations �<,� �=�and �>� induce a lattice among quantities. Gordius employs a subsystem called theQuantity-lattice [28] to reason about such relationships among quantities. The quantity-lattice subsystem employs a graph data structure that explicitly represents the lattice.Inferences based on transitive closure over these relations can be computed efficiently bytraversing this data structure.Objects called layers and regions are used to represent the structures built up ona wafer during manufacturing. Semantic attachment is used to keep track of time-varying relations among these, such as what layer is immediately above another at agiven time. It is more efficient to examine the data structure employed by this semanticattachment to determine whether a given layer is above another at a given time than toconstruct a proof (or disproof) of that fact, which would have to examine all

4.3. The Modeling Technology37manufacturing events occurring before the specified time. The data structures constitutea symbolic �diagram� of the spatial relationships among the layers and regions theyrepresent.The second purpose for semantic attachment concerns equality reasoning.Formal manipulation of logic sentences requires, as an integral operation, the matching(unification) of terms. It is important to know when two terms represent the sameindividual. This is not trivial because all individuals can be referred to in many ways.For example, �Elsie� and �John�s mother� might represent the same individual, butthese two expressions are syntactically different (in predicate logic as well as in English).For these two terms to be unified the system would have to prove that they represent thesame individual, and then use substitution of equals to make the two statements beingunified syntactically identical.The Gordius system is built on another system, called the Reasoning UtilitiesPackage [29]. This subsystem is capable of performing this equality reasoning. However,as one might expect, equality reasoning is very expensive. It requires an extensive searchfor ways to prove that two terms might be equivalent every time it attempts to match theterms. Matching terms, though, is a very frequent �inner loop� computation in logicalreasoning. Thus DAS has the equality reasoning feature within Gordius turned off.Instead, where equality reasoning is important DAS relies on semantic attachment.Every individual that DAS reasons about is represented by a Lisp object in the �diagram�due to semantic attachment. This means that every individual in the universe ofdiscourse has a canonical name. For those circumstances where equality reasoning isimportant, DAS uses semantic attachment to evaluate terms, determine the individualsthey represent, and substitute their canonical names.For functions representing time-varying attributes of objects, semanticattachment is automatic in Gordius, due to the object-oriented type system mentionedabove. For other predicates and functions, Gordius has two features for creatingsemantic attachments. These are called generic-predicates and generic-functions. Bydeclaring a predicate to be a generic-predicate, one can provide arbitrary Lisp code toimplement that predicate. A prime use of generic-predicates is to perform thesubstitution of canonical names required as a substitute for equality reasoning.

38Chapter 4: Theoretical KnowledgeWhile use of semantic attachment can improve efficiency, it also reducesconfidence in the soundness of reasoning, as the reasoning procedure now incorporatesarbitrary Lisp code, and its soundness depends on the validity of that code.4.3.2. Elements of the Representational Machinery4.3.2.1. Temporal Objects and Attribute FunctionsAs mentioned in the previous subsection, the Gordius modeling language is a typedlogic. Gordius provides several basic types, including various types of real numbers (forexample finite-positive-real), time-points, time-intervals and sets. It alsoprovides a mechanism for creating user-defined types. All user-defined types aresubtypes directly or indirectly of the basic type �temporal-object.� Temporal-objectshave a limited life span: each individual�s existence starts at a specific time-point, andextends over a continuous interval of time, which may be indefinite in length.The schema used to define new types of temporal objects also enables the user tospecify a set of functions applicable to individuals of the type being defined. Thesefunctions specify time-varying attributes associated with these objects. There is a simpleinheritance mechanism by which the attribute functions that are applicable toindividuals of a given type also apply to individuals of any direct or indirect subtype.Intuitively, an individual to which an attribute function applies is considered to have thatattribute.Figure 4.1 below gives some examples of the schema for defining new types. Theschema is implemented as a Lisp macro called defGDobject. The first argument of themacro is the name of the type being defined. The second argument is a list containingthe name of the supertype of which this type is a subtype. Finally, the third argument isa list of attribute function specifications. Each attribute function specification is a list ofthe name of the attribute function and a specification of the type of the function�s value.As shown in the figure, the type horizontal-region is a subtype of temporal-object towhich the functions left, right, left-pos and right-pos apply. The values of the left andright attribute functions are individuals of type horizontal-region, and the values of theleft-pos and right-pos attribute functions are finite real numbers. Thus, a horizontal-region object has attributes called left and right, which indicate what other horizontal-region object is to be found to the left and right, respectively, of the object at any giventime. It also has numerical time-varying attributes indicating its left and right spatialextents.

4.3. The Modeling Technology39;;; Class of objects that describe the lateral topology

;;; and dimensions for a single laterally homogeneous region

(defGDobject˚HORIZONTAL-REGION˚(temporal-object)

˚˚((left˚horizontal-region)˚˚˚;; neighbour

˚˚˚(right˚horizontal-region)

˚˚˚(left-pos˚finite-real)˚˚˚˚˚;; position

˚˚˚(right-pos˚finite-real)))

;;; Class of objects that describe the lateral topology

;;; of a 2D slice through a structure on a wafer

(defGDobject˚WAFER-REGION˚(horizontal-region)

˚˚((region-type˚region-type)

˚˚˚(pieces˚(set˚.˚wafer-region))))

;;; of a mask for a 2D slice through a structure

(defGDobject˚MASK-REGION˚(horizontal-region)

˚˚((left-wafer-region˚wafer-region)

˚˚˚(right-wafer-region˚wafer-region)

˚˚˚(opacity˚(one-of˚(constant˚opaque)

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(constant˚transparent)))))

Figure 4.1 Example type definitionsThe wafer-region type and the mask-region type are both indicated as subtypesof the horizontal-region type. Thus, the attribute functions that apply to horizontal-region individuals also apply to wafer-region and mask-region individuals. In addition,wafer-region objects have an attribute called region-type whose value is an object of typeregion-type, and an attribute called pieces whose value is a set of the sub-regions thatthe region might be subdivided into. The expression given as the value type for theopacity attribute of mask-region objects indicates that the value of this attribute mustalways be one of the two specified constant values �opaque� and �transparent.�The value of any attribute function is actually a history. A history specifies thevalue of the attribute as a function of time. It is similar in concept to a fluent [23]. Ahistory is composed of a sequence of time intervals, alternating between two types:dynamic and quiescent. A dynamic time interval is a time interval during which the valueof the attribute undergoes some change. The bounds of a dynamic time interval aredetermined by the time interval during which the action responsible for the changeoccurs. The value of the attribute is considered to be known only at the time points thatbegin and end the interval. A quiescent interval is a time interval during which the value

40Chapter 4: Theoretical Knowledgeof the attribute is not changing. Thus, the value of the attribute is the same at all timepoints within the interval.The function �@� is used to extract the value of an object�s attribute at a given timepoint. Thus, if �mr-1� is a mask-region, then the mask-region to its left at time �t� is �(@(left mr-1) t).� When the type of the value of an attribute is itself a subtype oftemporal-object, then this syntax can be nested. The opacity of the mask-region to theleft of mr-1 at time t would be�(@ (opacity (@ (left mr-1) t)) t)�To simplify expressions, Gordius permits elision of the interior applications ofthe @ function when all applications refer to the same time point. Thus, the previousexpression can be rewritten as �(@ (opacity (left mr-1)) t).� The time pointsmost commonly referred to are those that begin and end dynamic time intervals. Thetwo functions �start-of� and �end-of� applied to a time interval express the timepoints that respectively begin and end the time interval.4.3.2.2. Action DescriptionsModeling activity in Gordius is principally concerned with describing the effectsof actions. These effects involve the creation and destruction of objects, and changes inthe values of objects� attributes. The modeling language was originally developed forreasoning in the domain of geologic processes, and so for historical reasons actions arecalled �processes.� Gordius provides a Lisp macro called defProcess that implements aschema for describing these processes. Figure 4.2 indicates the syntax used. Thedescription may contain up to five components, each labelled with one of the five labels:�ako,� �preconditions,� �parameters,� �effects� and �constraints.� Any component can be leftout (though a process description without the effects component would not be veryuseful). To avoid confusion with other uses of the word �process� in this document, wewill continue to use the term �action� for what Gordius calls �process.�Preconditions are statements that must hold so that it is possible for the action tooccur. Such statements are useful when attempting to synthesize plans. During plansynthesis the preconditions of an action to be included in a plan become sub-goals thatmust be satisfied in the context in which the instance of the action is to occur. As this

4.3. The Modeling Technology41dissertation is not concerned with synthesis, our models will not include descriptions ofpreconditions.(defprocess˚<process-name>

˚˚ako˚<super-process>

˚˚preconditions˚<list of precondition statements>

˚˚parameters˚<list of (<parameter-name>˚<parameter-type>)>

˚˚effects <list of effects statements>

˚˚constraints˚<list of constraints> )

Figure 4.2 Schema for describing processes (actions)Actions can be parameterized. In that case the names of the parameters areexplicitly listed in a separate component of the description. Associated with eachparameter name is a specification of the type of the acceptable values for the parameter.The effects component of the description is a list of statements that indicate theimpact of an occurrence of the action. This corresponds to but extends the add anddelete lists of traditional discrete action representations ([30-32]. These extensions enablethe inclusion of effects that:1.are expressed in terms which are relative to the input state (for example, �thethickness of layer L1 decreases by 5�);2.are conditioned on the input state (for example, �if the layer�s material is silicon,then the thickness decreases�);3.are universally quantified, allowing for world states with an a prioriundetermined number of individuals (for example, �for all layers, the thicknessdecreases�); and4.introduce new individuals, or terminate the existence of individuals. Changes to the attributes of objects are described by the �change� statement:(change <type> <attribute> <change> <action> <interval>)The form indicates that the <attribute> is affected by the <action> whichoccurred during the <interval>. The <action> and <interval> specifications canoptionally be omitted, in which case the name of the instance of the action beingdescribed and the interval during which it occurs are assumed. <attribute> is anexpression suitable as an argument to the �@� function. It is an attribute function appliedto an object. <type> is either �=,� or an arithmetic operator (+, -, *, /). If it is �=,� then

42Chapter 4: Theoretical Knowledgean absolute change is being specified, and after the action occurs the value of the<attribute> is equal to <change>. For example, the statement(change = (above L1) THE-ENVIRONMENT ETCH1 I1)represents the fact that after the ETCH1 instance of the ETCH action occurs duringinterval I1, the layer above L1 is the surrounding environment (that is, L1 is at thesurface of the wafer, and no wafer layer is above it).If <type> is an arithmetic operator, then a relative change is being specified andafter the action occurs the value of the <attribute> is equal to the result of applying theoperator to the initial value of the <attribute> and <change>. For example, the statement(change - (thickness L1) 5 ETCH1 I1)specifies that the ETCH1 event reduces the thickness of layer L1 by 5.Change statements are only used where they would have a positive sense. Onedoes not assert that a specific change doesn�t happen, nor does one condition anotherassertion on the truth of a change statement.Effects statements can be combined using the logical operators of predicate logic:conjunction, disjunction, negation, implication and equivalence. In Gordius, theseoperators are denoted in prefix form, following the Lisp idiom. Conjunction isrepresented by the logical operator �:AND,� disjunction by �:OR� and negation by �:NOT.�Conjunction and disjunction are n-ary rather than binary operators. Thus, if S1�Sn areacceptable effects statements, then so are (:AND S1�Sn) and (:OR S1�Sn).There are two distinct notations for implication. The syntax for normalimplication is: (:=> <antecedent> <consequent>). This is generally used when both<antecedent> and <consequent> are relatively simple statements. When this form isused, reasoning can occur in either the forward direction (from truth of antecedentdeduce truth of consequent) or the reverse (contrapositive) direction (from falsehood ofconsequent deduce falsehood of antecedent).Often it is the case that the contrapositive inference is not useful becausefalsehood of the consequent will never be established. Gordius provides an alternate

4.3. The Modeling Technology43syntax for implications that are only intended to be used in the forward direction. Thesyntax is identical to that for normal implication, except that the prefix operator is �:IF�(suggesting the programming-language IF-statement). When this form of implication isused, Gordius does not attempt to evaluate the truth of the consequent until the truth ofthe implication is established.The syntax for logical equivalence is (:IFF Sa Sb). This statement asserts thatthe truth of Sa is the same as that of Sb.Gordius provides three versions of universal quantification. The first versionquantifies over all individuals of a given type that exist at a given time. The syntax is:(FOR-ALL-EXISTING <var> : <type> <time> <statement>)<var> is the name of the quantified variable, <type> is the type of individual that<var> can be bound to, <time> is the time point at which the individuals that <var> canbe bound to must exist, and <statement> is an effects statement in which <var> appearsas a free variable. The statement indicates that <statement> is true of all objects of type<type> that exist at time <time>.The second version is more general. It can either quantify over all objects of agiven type or all members of a set (regardless of when these individuals exist). Thesyntax is:(FOR-ALL <var> <: or e> <type or set> <statement>)<: or e> is either �:� indicating quantification over a type, or �e,� (suggestingelement) indicating quantification over the members of a set. <type or set> is either thename of a type or a specification of a set, as appropriate to the type of quantificationindicated by <: or e>. This is the only form of universal quantification that can be usedwhere it would have a negative sense, and only when the quantification is over a finiteclosed set. When the system is aware that it knows all the individuals being quantifiedover, it can establish the truth of the quantified statement from the truth of the<statement> for each binding of <var>.

44Chapter 4: Theoretical KnowledgeThe final version of universal quantification is similar to FOR-ALL, but realizesan efficiency. The syntax is identical except that the prefix is FOR-ALL-TRUE. Theefficiency is that the <statement> is only evaluated when the truth of the quantifiedstatement is established.Two versions of existential quantification are provided. The syntax for thenormal existential quantifier of predicate logic is:(EXISTS <var> <: or e> <type or set> <statement>)where the elements of the syntax are the same as for the FOR-ALL and FOR-ALL-TRUE universal quantifiers. The quantified statement states <statement> is truewhen <var> is replaced by some object(s) of type <type or set> or member(s) of the set<type or set>.The second version of existential quantification allows for the introduction of asingle new individual. The syntax is:(CREATED (<var> <type> <time>) <statements>)This statement asserts that a new individual of type <type> begins to exist attime point <time>, and that the statements <statements> are true when <var> isreplaced in them by the name of this new individual. Note that this quantifier quantifiesany number of statements rather than a single statement. This syntax was chosenbecause of the frequency with which the quantified statement is a conjunction of manystatements.The termination of the life span of an object is indicated by the syntax:(DESTROYED <object> <time>)The constraints component of the process description contains statements that donot indicate changes produced by the action, but rather describe how the changesproduced relate to one another. For example, a constraint might indicate that the totaldopant in a layer is the same before and after a diffusion operation occurs. The

4.3. The Modeling Technology45constraints component may also contain statements defining �macros� that facilitate thewriting of effects statements. The syntax:(DEFN <name> (<var1>�<varn>) <form>)is a constraint that introduces new syntax. It states that expressions of the form(<name> <val1>�<valn>) should be replaced by instances of <form>, with the values<val1>�<valn> substituted for the corresponding variables <var1>�<varn>. Thisfeature can be used to create parameterized short-hand notation for frequently usedexpressions.Finally, the �ako� component of the description allows for a taxonomicorganization and a simple form of inheritance among process descriptions. Ako is anacronym for �a kind of.� Its argument is the name of a more abstract process that theprocess being described is based upon. The inheritance is cumulative: the process beingdescribed inherits all preconditions, parameters, effects and constraints of the super-process and all its ancestors in the hierarchy, as well as those explicitly indicated in thecorresponding components of the description.4.3.2.3. Generic Predicates and FunctionsAlong with the attribute functions defined by the specification of the object types thatwill be used to represent elements in the domain, one can introduce predicates andfunctions of arbitrary arity simply by giving them names and using them. Then themodels of actions must contain statements relating to these functions and predicates thatdefine what tuples of individuals satisfy the predicates and what values tuples ofindividuals are mapped to by the functions.However, it is also possible to attach Lisp procedures to predicates and functionsto help define them. Further, for the reasons mentioned in section 4.3.1.2 above, it issometimes necessary to employ the semantic attachment features of Gordius to handleequality of terms through evaluation to canonical names for the individuals theyrepresent.

46Chapter 4: Theoretical KnowledgeGordius provides two Lisp functions for performing this semantic attachment.The syntax for attaching a procedure to a predicate is:(def-generic-predicate˚<predicate name>˚˚<list of (<argument name>˚<argument type>)>˚˚<optional body>)The first argument to the function is the name of the predicate. The secondargument is a list specifying the arguments to the predicate. For each argument, a list ofthe argument�s name and its type is specified. The remaining arguments form theoptional body of Lisp code that defines the predicate.The terms given as arguments to the predicate are evaluated to determine theLisp objects representing the individuals that the terms represent, thus determiningcanonical names for the individuals. Furthermore, each tuple of arguments passed to thepredicate are cached along with the truth-value of the predicate for that tuple, so that thetruth value is immediately accessible for any equivalent tuple of terms. If the optionalbody is omitted, the truth-value is determined by the statements that employ thestatement.If the optional body is included, it should ultimately assert a truth value for thepredicate for the tuple of arguments passed. Within this body of Lisp code, the name ofthe predicate is bound to the statement whose truth-value is being determined, and thesymbols naming the arguments are bound to the Lisp objects representing the values ofthe arguments. The function �assert-expr� can be used to assert the truth-valuedetermined. Truth-values are specified by the keyword symbols :TRUE, :FALSE and:UNKNOWN.The syntax for attaching a procedure to a function is:(def-generic-function˚<function name>˚<arguments>˚<value-type>˚˚<optional body>)The first argument is the name of the function. The second is a list of argumentspecifications, as for the def-generic-predicate function. The third argument specifies thetype of the value of the function. The remaining arguments form the optional body ofLisp code that defines the function.

4.3. The Modeling Technology47The arguments to any call on the function are evaluated, and the tuple of Lispobjects is cached along with the corresponding value. As in the case of predicates, theLisp code is optional. If omitted, the value of the term is determined by the statementsthat employ it.If the optional body is included, it should use the assert-expr function to assertequality between the term being evaluated (to which the symbol naming the function isbound within the body) and the term identifying the value. If a precise value cannot bedetermined, it is also permissible for the body to make assertions that form a partialdescription of the value. For example, if the type of the value is a real number, the bodymay make assertions regarding how the value is ordinally related to other numbers,thus bounding the value.4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing4.4.1. Goals of the modeling processAlthough the models of semiconductor operations are structured around describing theimpact of each operation, their primary purpose is not to support the simulation task ofpredicting the outcome of performing the operation. Indeed, as we shall see in thechapter on process representation below (Chapter 5), the representation of themanufacturing process used to drive the simulation will often contain explicitstatements describing the expected impact of performing the operation. The purpose ofthese models will be to explicate the structure of the causal relationships in themanufacturing process, to support the diagnostic task. Thus, in designing the models,accurate prediction is not the main concern. Instead, the criterion to be satisfied is theability to generate a causal explanation why the operation achieves the impact that itdoes.In the context of supporting the use of generic rules (introduced in Chapter 6) toperform diagnosis, the purpose of performing the simulation is even simpler. The rulesare about how anomalies in specific kinds of processing affect specific kinds of featuresof the product being manufactured (in our case, specific kinds of structures on thewafer). The purpose of the simulation is merely to perform the complex bookkeepingchore of keeping track of which operations are causally involved in the creation andmodification of which features of the product.

48Chapter 4: Theoretical KnowledgeAccomplishing this goal requires models with a certain degree of simplicity.They should employ the kind of naive conceptualization of what�s going on in themanufacturing process that admits of such causal explanations. The models describedhere aspire to capture the �commonsense� model of semiconductor manufacturingreflected in the two-dimensional depictions of vertical cross-sections through structureson the wafer (such as figure 4.3) that semiconductor technologists typically draw for oneanother in their daily communications.It should be recalled that the major reason for going to all this trouble is toachieve robustness in knowledge representation. The hope is that the same set of modelscan be reused to reason about many different manufacturing processes. This implies thatthe models must constitute a set of building blocks that can be put together in a varietyof ways to represent these different processes. The models must be designed to worktogether, in the same sense that LEGO“2 bricks and parts are designed to work together(for example, the form factors for LEGO“ windows always conform to the sizes andshapes of holes that can be created with the bricks). Thus, it is important to pick aconceptualization of the product and the manufacturing process and make the models ofall operations adhere to it. In deciding whether and how to represent phenomena, onemust consider how the decision affects the modeling of all operations represented.4.4.2. Modeling the waferThe models of operations describe the impact of the operations on the product beingmanufactured. Further, the product�s state at the beginning of an operation caninfluence the impact of performing the operation. Distinct operations in themanufacturing process interact because they affect the same product. The effects ofsubsequent operations mitigate the causal relationships between an operation andfeatures of the product. The product serves as the sole medium of communication forthis interaction. Thus, the description of the product carries the burden of thiscommunication during simulation.

2LEGO is a registered trademark of InterLEGO AG.

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing49

PPNPPPPP

N+N+N+N+N+N+P-P+P+P+Figure 4.3 Sketch of Vertical Cross-Section Through BiCMOS Transistors(from Prof. James Plummer, personal communication)In the semiconductor domain, the product is the set of structures created on thewafers processed. In modern manufacturing processes, literally millions of similarstructures are manufactured and connected into complex circuits. When reasoning aboutthe behaviour of the product, all these structures must be represented in order to reasonabout the behaviour of the entire circuit. However, when reasoning about themanufacturing process, one only reasons about prototypical examples of the kinds ofstructures manufactured. One only recognizes that more than one instance of eachstructure is being created when one is investigating nonuniformity of processingdistributed spatially across the wafer surface.These structures are three-dimensional physical entities with potentially quitecomplex geometrical shapes. However, most are designed with two axes of symmetry,so that their geometries are adequately captured in two orthogonal �vertical� cross-sections through the wafer. Furthermore, most processing occurs �from above.� Themanufacturing operations have effects that are ideally vertical. The �lateral� effects ofthese operations are generally minimized.For these reasons, the conceptual model adopted for describing wafer structuresemploys what might be called a 11�2D approach. The wafer structures are represented by

50Chapter 4: Theoretical Knowledgea series of vertical strips. Each strip represents the sequence of layers one wouldencounter in drilling a hole through the center of a laterally homogeneous region of thestructure. The strips retain their nominal lateral dimensions and the representation as awhole maintains the lateral topology of the structure: which types of region are side byside. However, no attempt is made to represent the complex geometry of the transitionsbetween regions. This fact is emphasized in the graphical representations of the wafer-structure model by vertical gaps drawn between regions (Figure 4.4). This approachallows the structures on the wafer to be composed entirely of simple rectangles. Oneapproach to creating a three-dimensional model of wafer structures using numericalsimulation uses a similar technique: many one-dimensional simulations are performedsimultaneously on a parallel computer and then juxtaposed [33].This parallels the development of quantitative models of semiconductorphenomena. The mathematical models used by the earliest quantitative simulators onlymodeled a single, laterally homogeneous region of the wafer. Although two-dimensional mathematical models [34, 35], have been available now for several years,most of the quantitative simulations performed still use one-dimensional models. This ispartly due to the computational complexity of these models, lack of faith in theiraccuracy, and the general difficulty of getting university research results intomainstream use. However, it is also the because the 1D simulations are sufficient formany purposes, and the value of the additional information provided by higher-dimension simulations does not warrant their additional computational expense.Of course, such unavoidable lateral side effects cannot be ignored completely.They can have an important impact on device behaviour. Also, modern processessometimes capitalize on these unavoidable effects by designing structures and processesthat depend on them. Nonetheless, it is very difficult to reason symbolically about theinherently two-dimensional complex geometries that can occur at the transitionsbetween regions. It is an open research problem to develop an ontology for symbolicallydescribing two-dimensional shapes in a manner that facilitates reasoning about howthese shapes affect and are affected by the physical and chemical processes involved insemiconductor manufacturing.

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing51

Region-typeLayer-RegionLayer-Region

˚Distinct Wafer-Regions sharing the same Region-Type

Oxide

Sink

Epi layer

BuriedCollectorFigure 4.4 Cross-sectional drawing of a Collector-Under-Oxide resistor, and howDAS represents this same structure.Semiconductor technologists conceptualize regions of doped silicon in twodifferent ways. One way is to think of them as regions with well-defined boundarieswith homogeneous concentration of a single dopant. The depictions they draw, such asFigure 4.3, reflect this conceptualization. Our models use this conceptualization. Dopedregions form distinct layers just as regions of distinct materials do.The other conceptualization recognizes that concentrations of dopant varycontinuously, and that several dopants may exist simultaneously within the same region

52Chapter 4: Theoretical Knowledgeof silicon. This conceptualization distinguishes between layers only when the basicmaterial is distinct. All the contiguous crystalline silicon is considered to be a singlelayer, and dopant concentrations are represented by continuous curves called �dopantprofiles� that indicate the concentration of each dopant species as a function of depthbelow the surface of the layer. This alternate conceptualization is not considered in thisdissertation.The actual definitions of the object types used to describe wafer structure as wellas processing materials is given in Appendix A. There is a hierarchical, part-wholeflavour to the representation. At the leaves of the hierarchy, the fundamental unit ofrepresentation for geometry is called a layer-region. The name is chosen to reflect thatthe object represents a single layer in a specific type of region. These layer-region�s aregrouped into vertical columns. Each is represented by an object called a region-type.Each layer-region has attributes indicating which layer-region is above and below it, aswell as numerical attributes for the positions of its vertical boundaries (top-pos andbottom-pos). For layer-regions at the wafer surfaces, the value of the above (below)attribute is a constant called THE-ENVIRONMENT.The region-type objects represent the different types of regions created due tolateral differential processing. That is, processing operations that affect distinct lateralregions in different ways. These objects have only two attributes. One called surfaceindicates what layer-region lies at the wafer�s top surface in regions of its type. Theother, called regions, is the set of wafer-regions that wherein the region-type occurs.Employing the region-type concept realizes an efficiency: the vertical topology andgeometry of layers in each type of region are represented only once, regardless of howmany times such types of region occur in the structures being simulated.The lateral topology and nominal lateral geometry of the structures beingsimulated is captured by objects of type wafer-region, which is a specialization ofhorizontal-region. Another specialization of horizontal-region, mask-region, isemployed in the representation of the geometry of the masks used in photolithographyoperations. These object types were shown in Figure 4.1 above. A horizontal-region hasattributes for the regions that neighbour it to the left and right, and for the positions ofits lateral edges, left-pos and right-pos. A wafer-region also has an attribute for itsregion-type, and another for the sub-regions into which it might have beendifferentiated. All lateral differentiation in semiconductor processing can be traced

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing53ultimately to photolithography operations that use masks to expose only certain parts ofthe wafer. Thus, in our simple model, all lateral edges of wafer-regions will bedetermined by the edges of mask-regions.Cut-lines through individual structures to be simulated are represented byobjects of type 2D-structure. These have attributes for the horizontal-regions (a set)comprising them, and the left-most region in that set. Finally, there is an object typecalled wafer which has an attribute indicating what 2D-structure�s appear on the waferbeing simulated.In addition to the attributes for describing geometry and topology, layer-regionobjects have attributes concerned with describing intrinsic properties. These include:material, dopant and concentration. The material attribute encodes the basic material ofthe layer, i.e., its chemical composition. The dopant attribute indicates the dominantspecies of impurity that the layer contains, if any. The concentration attribute indicatesthe concentration of the dominant impurity, over and above the concentration ofimpurities of opposite polarity.Finally, layer-regions have two additional attributes. The region-type attributespecifies the region-type to which the layer-region belongs. The layer attribute specifiesthe layer to which the layer-region belongs.What is a layer? The notion of layer is prevalent in the discussions ofsemiconductor technologists, but it is not anywhere well-defined. The terminologystems from the imagery of integrated circuit structures being built up in layers like thoseof a layer-cake. It is reinforced by the fact that materials are often deposited on thesurface of the wafer in layers that blanket the wafer uniformly (though they aregenerally subsequently patterned by photolithography operations).Consider the case of the �field oxide.� This is a very thick layer of silicon dioxidethat is grown between areas where active devices will be situated as a form of insulationbetween the devices. All pieces of the field oxide are created at the same time, and havethe same physical properties. However, the field oxide is restricted to growing only inthe areas between active device sites by covering the active device sites with siliconnitride. This material oxidizes much more slowly than does crystalline silicon, so that nothick oxide forms in those areas covered by it. Nonetheless, silicon nitride does oxidize.

54Chapter 4: Theoretical KnowledgeThis implies that an oxide grows on top of the nitride as well as on top of the silicon inexposed areas. Further, this oxide is contiguous with the field oxide, and is made of thesame material: silicon dioxide. Yet, the oxide grown on the nitride and the oxide grownon the exposed silicon are not considered to be part of the same layer. The oxide on thenitride is �inconsequential,� and will be stripped away along with the nitride, whereasthe field oxide will remain as a part of the product.The effects of processing operations are most easily described in terms of theirimpact on the individual layer-regions of the DAS wafer representation. However, itwill be beneficial, especially when supporting the development of generic rules, tocapture some version of the layer notion. The DAS representation represents layers bycollecting layer-regions into sets. Layer-regions must have the same intrinsic physicalproperties and be created at the same time to be considered part of the same layer.Further, they must be created in a �similar context,� where the meaning of this variesfrom one operation to the next. In oxidation steps, for example, the resulting oxide layer-regions will be part of the same layer only if they were created by oxidizing layer-regions that were initially part of the same layer. This definition comes close to theinformal notion of layer in engineers� parlance, but will differ from it primarily bymaking additional distinctions. For example, not all �field-oxide� layer-regions will becollected together into a single layer, if some of them are created by oxidizing silicon in ap-doped region and others are created by oxidizing silicon in an n-doped region. This isbecause the differently doped regions will necessarily not be part of the same layer.DAS employs the object type layer to represent layers. Objects of this type haveone attribute, layer-regions, that is the set of layer-regions forming the layer. Sincelayers are sets of layer-regions, and the intrinsic physical properties shared among theselayer-regions are attributes of the layer-regions themselves, an artifact of therepresentation is that one has to select a specific layer-region to determine these physicalproperties. To overcome this difficulty, DAS provides the function any-member, whichmaps from a set to an arbitrarily selected member of the set.In the course of simulating a process, the DAS simulator will introduce manynew objects representing layer-regions, layers, region-types and regions, as they arediscovered to be created by the effects of processing. These objects will be assignedunique names of the form <type>-<number> (e.g., layer-region-16). It is often necessaryto refer to parts of the structure being manufactured in the description of the

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing55manufacturing process. The names that will be assigned to these objects cannot bepredicted in advance. Multiple simulations will assign different names. Thus, one has torefer to these objects by description rather than by name. For example, �the layer-regionsat the surface in the regions that were not covered by photoresist after step X.� Thispractice can be quite cumbersome. Engineers often assign names to layers that reflect thefunction that the layer performs either in the product, or in the process of creating theproduct. To facilitate reference to parts of the structure being manufactured, DASprovides a predicate, named, for assigning user-defined names to objects. Also, DASprovides a predicate, created-during, which facilitates describing objects by the time oftheir creation.4.4.3. The basic kinds of steps modeledThe manufacturing plans used in the semiconductor industry can contain severalhundred steps (300 is a typical for a modern process). However, all these steps aredrawn from a relatively small repertoire of classes of operations. Our models aresufficiently abstract that we can capture a large subset of all these operations in onlysixteen classes (four additional classes abstract the commonality among some of thesixteen). Figure 4.5 shows the operations we chose to model. Those in shaded rectanglesare incomplete models: they are not executable. Lines in this figure indicate modelsrelated by the AKO relationship. The Photo-Resist-Develop and Photo-Resist-Clean stepmight have been modeled as specializations of the Etch step, but were not because thespecializations were much simpler than the subsuming abstract model. The hierarchy inthe diagram does not reflect the organization in the list below, because its organizingprinciple reflects the utility of inheriting model descriptions.Most operations in a semiconductor manufacturing plan will be instances orspecializations of the twelve listed below. The operations can be grouped into fourcategories as follows:Addition of Material: these operations cover the upper surface of the wafer with a�blanket� layer of some material, although factors governing adhesion mayallow for selectively depositing material only in certain areas. The Add-Top-Layer model abstracts the commonalities among these operations.Spin-on-Resist � coats the wafer with a positive or negative photoresist.Sputtering � coats the wafer with a layer of metal (e.g. aluminum).Chemical-Vapor-Deposition � deposits silicon compounds such as silicondioxide and silicon nitride, as well as other materials, such as tungsten.

56Chapter 4: Theoretical KnowledgeEpitaxial-Growth � grows a layer of crystalline silicon, possibly doped with animpurity, as an extension of the crystalline silicon at the wafer surface.Removal of Material: these operations selectively remove material from the uppersurface of the wafer, depending on the material�s characteristics.Etch � removes those materials at the surface of the wafer that react with theparticular etchant used.Photo-Resist-Clean � removes all photoresist on the wafer.Photo-Resist-Develop � removes only �soft� photoresist (positive photoresistthat has been illuminated, or negative photoresist that has not beenilluminated).Change of Chemical Properties: these modify certain chemical properties of layersexisting at the surface of the wafer.Oxidation � combines silicon and/or silicon compounds with oxygen to formsilicon dioxide.Mask-Expose � changes the �hardness� of photoresist by using light or otherradiation to alter chemical bonds. The radiation is patterned with a mask thatindicates how the wafer surface is to be differentiated into distinct lateralregions.

Add-top-layer

Modify-layers

Photo-resist-clean

Mask-expose

Spin-on-resist

Sputtering

Chemical-vapor-deposition

Epitaxial-growth

EtchPhoto-resist-develop

Diffusion

Create/Modify-layers

End-detect-etch

Oxidation

Pre-deposition

Ion-implantation

Doped-chemical-vapor-deposition

Undoped-chemical-vapor-deposition

Ox/drive-in

Poly-source-diffusion

Figure 4.5 The basic operations modeled in DASChange in Doping Profile: these operations introduce impurities into the siliconcrystal lattice and/or modify their distribution. Control over the distribution ofimpurities is the key to the formation of electronic devices.Ion-Implantation � implants ions of a dopant below the surface of the wafer byaccelerating them electromagnetically towards the wafer.

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing57Pre-Deposition � introduces a very high concentration of impurity ions at thesurface of the wafer. The resulting concentration is a function of the dopanttype and the material of the layer, called the solid solubility of the dopant inthat material.Diffusion � modifies the distribution of impurity ions by heating the wafer,enabling ions to diffuse.There are several types of steps which are not included in this set. We explicitlychose not to model operations that do not have consequences for the topology andgeometry of structures on the wafer, such as cleaning steps and photoresist baking steps.Also, operations that act on the backside of the wafer, such as those performed toachieve a gettering effect, are not included because our models do not indicate theeffects of any operations on the wafer�s backside. (Gettering involves causing damage tothe structure of the crystal lattice on the backside of the wafer, because such damagetraps unwanted impurities, such as gold, thus reducing the concentration of suchimpurities in the rest of wafer.)Each operation is modeled in the Gordius system as a discrete action (a processinGordius terminology). The precise definitions of these models are recorded in AppendixB. Descriptions of the structure of these models appear in [7]. The one major facet ofthese models that is not described in that paper is the treatment of the layer concept. Inthe next two subsections we will discuss in detail the structure of the two models thathave changed the most since the publication of [7]: the Etch and Diffusion models.4.4.3.1. Writing Inheritable Models: The Etch ModelsThe Etch operation is the conceptually simplest operation that nonetheless demonstratesmany of the difficulties that must be overcome, and the techniques employed toovercome these difficulties. As the name suggests, etching in the semiconductor world issimilar to etching and engraving in the world of arts and crafts. A chemical reaction isinduced that causes material at the surface of the wafer to combine with a reagent toform a by-product that does not adhere to the wafer�s surface. In this fashion, material atthe surface of the wafer is incrementally removed.The amount of material removed can depend on a variety factors. The mostimportant are: the chemical composition of the material being removed (and its physicalstate, such as whether it is amorphous, crystalline or polycrystalline); the reagent usedand its concentration; and the length of time the reaction is permitted to proceed. Sincedifferent materials react with the reagent at different rates, the speed at which material is

58Chapter 4: Theoretical Knowledgeremoved � the etch rate � is different for different layers. This makes it possible tocreate patterns in a layer through selective etching, and to transfer patterns in one layerinto layers below it.There are two basic subclasses of etching operations. In wet etch operations theetch reagent is dissolved in water, forming an acid in liquid form that the wafer isdipped into. Dry etching techniques employ an etchant in the form of a plasma. Somedry etching techniques impose an electric field across the plasma that causes ions in theplasma to drift toward the wafer surface. In dry etching operations, the etch rate alsodepends on the characteristics of this plasma and the strength of any such appliedelectric field.In all these different types of etching techniques the activity taking place isfundamentally the same. Material is incrementally being removed from the surface ofthe wafer. Thus, we want to capture this commonality in our most abstract model in amanner that allows it to be shared among all etch techniques. To do this, we assume asimple linear model for all etch techniques: that is, we assume that the etch rate isconstant throughout the operation for any given material (though it will, in general, varyfrom material to material).If the wafer structure before the operation was a single homogeneous block, theimpact of any etch step would simply be to reduce the thickness of the block. Theamount by which the thickness was reduced would be the product of the etch-rate andthe duration of the step. However, things aren�t quite that simple. Our model must begeneral enough to handle any wafer structure presented to the step. Wafer structures inour representation can have any number of wafer-regions, any number of region-types(subject to the constraint that the number of region-types is less than or equal to thenumber of wafer-regions) and any number of layer-regions within each region-type.Further, the layer-regions can have any thickness, any chemical composition known tothe system and any values for any other characteristics we ascribe to layer-regions.Finally, we must contend with the possibility that the etch step might etch completelythrough one or more layers in any given region-type, thus changing the topology of thewafer structure.Since the number of components to the wafer structure is unknown, our modelmust use universal quantification to state how each component is affected by the

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing59operation. As we do not model lateral effects, the etch step cannot have any impact onthe topology or geometry of wafer-regions. The fact that etching starts at the surface ofthe wafer and proceeds downward suggests that we should quantify over region-types(to handle the fact that the effect of the step is different for each region-type) andsomehow sequentially process the layer-regions in each region-type starting with theone at the surface and progressing downward to each layer-region ultimately affectedby the step.Unfortunately, logic does not readily lend itself to such sequential processing.We can accomplish the effect of sequentially processing the layer-regions in a region-type by keeping track of an incrementally growing set of the layer-regions affected bythe step, and quantifying over the members of that set. The set of affected layer-regionswould initially contain those layer-regions at the surface of each region-type. Each timeit is determined that a layer-region is etched completely through, the layer-region belowit is declared to be also a member of the set.However, it is simpler to quantify over all layer-regions. The trade-off is that thisapproach instantiates the effects statements for all layer-regions whether they areactually affected by the step or not, but it avoids the necessity to create and manage anexplicit set of those layer-regions affected by the step.For each layer-region l the model makes two conditional statements:1.the layer-region l is destroyed if and only if the duration of the step is longerthan the time it takes to etch all the way from the surface of the wafer completelythrough the layer-region;2.if the duration of the step is greater than or equal to the time it takes tocompletely etch through the layer-region directly above l, and less than the timeit takes to completely etch through l, thena)if layer-region l wasn�t at the surface before the step then the layer-region atthe surface of the region-type containing l has changed to l, and THE-ENVIRONMENT has become the layer-region above l; alsob)if the duration of the step is strictly greater than the time it takes tocompletely etch through the layer-region above l and this etch step etcheslayer-region l at a rate greater than zero then both the top-position and thethickness of layer-region l are reduced.These two statements cover all the possible ways that a layer-region can beaffected by the etch step, and explicitly indicate the changes in topology (does the layer-

60Chapter 4: Theoretical Knowledgeregion continue to exist? what is above it? what layer-region is at the surface?) andgeometry (how thick is the layer-region? where is its top-position?) that might beinvolved.The expression �the time it takes to etch all the way from the surface of the wafercompletely through the layer-region� is represented in the model by a function calledEtch-Destroy-Time. This function has a recursive definition. It is the sum of the quotientof the layer-region�s thickness and the etch-rate, and the etch-destroy-time for the layer-region above. The recursion bottoms out when the layer-region is THE-ENVIRONMENT. This recursive definition is provided by making the function ageneric-function, with a semantic attachment that declares the function�s value to beequal to the value of the expression described above.Note that the discrete action nature of the model requires that we state theultimate impact directly in terms of the initial state and the step�s parameters. Thismakes it awkward to model events that have an obvious internal time structure. In ouretch model, for example, the times when the etch process completely etches through alayer-region are natural landmarks. It would be more natural to give these times namesand refer to them, or at least to give names to the sub-intervals indicating the timeremaining of the duration as each layer-region is destroyed in turn. Then, etch-destroy-time could be a non-recursive function which refers just to the time it takes to etchthrough a given layer-region. While it is possible to do this, it is somewhat clumsy (itrequires additional statements, for example). Also, the alternate approach we took hassome advantages.In particular, the recursive etch-destroy-time function facilitates writingstatements that indicate what the process designer�s intention for the step is, and thatconstrain the expected outcome of the step. Such constraints are necessary when onesimulates the step without quantitative information about the thickness of layers, theduration of the step, or the expected etch rates. It is possible to give quantitative valuesto the step parameters and wafer-structure attributes and have the system performarithmetic. However, the design of the system also enables it to reason qualitatively.Reasoning qualitatively makes it possible to simulate a manufacturing plan beforequantitative values have been assigned for all parameters and to obtain qualitativeanswers to incompletely specified questions.

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing61(defprocess˚ETCH

˚AKO Modify-Layers

˚parameters˚

˚(($etchant˚etchant-type)˚($duration˚positive-real))

˚effects

˚((for-all-existing˚$l˚:˚layer-region˚(SPI)

˚˚˚(:AND˚

˚˚˚˚(:IFF˚(>=˚$duration˚(etch-destroy-time˚$l˚(PI)))

˚˚˚˚˚˚˚˚˚˚(destroyed˚$l˚(EPI)))

˚˚˚˚(:=>

˚˚˚˚˚(:AND˚

˚˚˚˚˚˚(>=˚$duration

˚˚˚˚˚˚˚˚˚˚(etch-destroy-time˚(@˚(above˚$l)˚(SPI)))˚(PI)))

˚˚˚˚˚˚(<˚$duration˚(etch-destroy-time˚$l˚(PI))))

˚˚˚˚˚(:AND

˚˚˚˚˚˚(:=>˚

˚˚˚˚˚˚˚(:NOT

˚˚˚˚˚˚˚˚(V=˚$l˚(@˚(surface˚(region-type˚$l))˚(SPI)))))

˚˚˚˚˚˚˚(:AND˚

˚˚˚˚˚˚˚˚(change˚=˚(surface˚(@˚(region-type˚$l)˚(SPI))))

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚$l)

˚˚˚˚˚˚˚˚(change˚=˚(above˚$l)˚THE-ENVIRONMENT)))

˚˚˚˚˚˚(:=>

˚˚˚˚˚˚˚(:AND

˚˚˚˚˚˚˚˚˚(>˚$duration˚(etch-destroy-time

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(above˚$l)˚(SPI)))˚(PI)))

˚˚˚˚˚˚˚˚˚(>˚(etch-rate˚$l˚(PI))˚0.0))

˚˚˚˚˚˚˚˚(change˚-˚(top-pos˚$l)˚(amount-etched˚$l))

˚˚˚˚˚˚˚˚(change˚-˚(thickness˚$l)˚(amount-etched˚$l))))))

˚˚˚˚˚(destroyed˚$l˚(EPI)))

˚˚˚˚˚(member˚(@˚(layer˚$l)˚(SPI)))

˚˚˚˚˚˚˚˚˚˚˚˚˚(changed-layers˚(PI))))))

˚constraints

˚((DEFN PI () (process interval))

˚˚(DEFN SPI () (start-of (process interval)))

˚˚(DEFN EPI () (end-of (process interval)))

˚˚(DEFN˚AMOUNT-ETCHED˚($l)

˚˚˚(*˚(-˚$duration˚

˚˚˚˚˚˚˚˚˚(etch-destroy-time˚(@˚(above˚$l)˚(SPI)))˚(PI)))

˚˚˚˚˚˚(etch-rate˚$l˚(PI))))))

Figure 4.6 The Basic Etch ModelThe description of the etch model given above is not quite complete, as it doesnot specify the impact of the step on layers (as opposed to layer-regions). A side-effect ofdestroying a layer-region is that the layer containing it is changed. If all layer-regions ina layer are destroyed, then the layer itself is destroyed. To handle the impact on layers,one additional statement is included in the statement quantified over layer-regions:3.if layer-region lis destroyed then the layer containing layer-region l is a memberof the set of layers changed by the step.

62Chapter 4: Theoretical KnowledgeFigure 4.6 shows how Etch Model statements are actually encoded in DAS.A separate statement quantifies over the set of layers changed by the step. Thisstatement is inherited from the Modify-Layers model. It has three conjuncts thatsummarize all ways that the layer might have changed. For every layer changed by thestep:1.for every layer-region in the layer at the beginning of the step, the layer-region isin the set called the new-layer-regions of the layer if and only if the layer-regionsurvives the step;2.if all the layer-regions in the layer are destroyed by the end of the step, then thelayer itself is destroyed; and3.if the layer is not destroyed, then the layer-regions in the layer at the end of thestep are the layer-regions in the set called new-layer-regions of the layer.The first conjunct collects all the surviving layer-regions into a set. The secondconjunct destroys the layer if this set is empty, indicating that all layer-regions in thelayer were destroyed. The third conjunct updates the history of the layer-regions in thelayer if the layer survives the step. The use of the intermediary set allows us to avoidreferring to the set of layer-regions comprising a layer at a time when the layer mightnot exist. Figure 4.7 shows the encoding of the Modify-Layers model.(defprocess˚MODIFY-LAYERS

˚effects

˚((for-all-true˚$l˚e˚(changed-layers˚(PI))

˚˚˚˚(:AND

˚˚˚˚˚(for-all-true˚$lr˚e˚(@˚(layer-regions˚$l)˚(SPI))

˚˚˚˚˚˚˚(:IFF˚(:NOT˚(destroyed˚$lr˚(EPI)))

˚˚˚˚˚˚˚˚˚˚˚˚˚(member˚$lr˚(new-layer-regions˚$l˚(PI)))))

˚˚˚˚˚(:IFF˚(for-all˚$lr˚e˚(@˚(layer-regions˚$l)˚(SPI))

˚˚˚˚˚˚˚˚˚˚˚˚˚(destroyed˚$lr˚(EPI)))

˚˚˚˚˚˚˚˚˚˚˚(destroyed˚$l˚(EPI)))

˚˚˚˚˚(:=>˚(:NOT˚(destroyed˚$l˚(EPI)))

˚˚˚˚˚˚˚˚˚˚(change˚=˚(layer-regions˚$l)˚

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(new-layer-regions˚$l˚(PI)))))))

˚constraints

˚((DEFN˚PI˚()˚(process˚interval))

˚˚(DEFN˚SPI˚()˚(start-of˚(process˚interval)))

˚˚(DEFN˚EPI˚()˚(end-of˚(process˚interval)))))

Figure 4.7 Abstract model inherited by models in which layers can be changed

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing63In [7], etch-rate was considered to be a function of the etchant used and thematerial of the layer being etched. This approach did not allow for the possibility ofindicating the dependence of etch rates on other factors, such as dopant species andconcentration, and other parameters of the etch step, such as those that determine ordescribe characteristics of the plasma in a dry etch step. Further, the factors influencingetch rate are different for different etching techniques, so that it is not reasonable toexpect that we can specify a set of arguments for a general etch-rate function that willsatisfy all cases.In our current etch model, rather than attempting to list all possible influences onetch rate as arguments of a comprehensive Etch-Rate function, Etch-Rate is a functiononly of the Layer-Region being etched, and the time-interval of the etch step. These twoarguments provide �handles� for getting at other factors determining etch rate. Theintention is that the functional dependence of the etch rate on these other factors bespecified in rules associated with the specific etching technique being modeled (perhapseven with the specific instance of the etching technique within a process).In the event that use of a given etchant necessarily implies a unique etchingtechnique and therefore a fixed set of factors influencing rate for all etch steps using thatetchant, a general rule can be written independently of specific etch steps. A macro,DefEtchRateRule facilitates writing rules of this form. Within invocations of this macro,the statement is implicitly quantified over all layer-regions and all etch step time-intervals. Figure 4.8 shows an example of how qualitative information regarding theetchant �Nitric Acid� might be specified.;;; Nitric Acid etches silicon, nitride and oxide, but not photoresist

(defEtchRateRule˚Nitric-Acid˚($L˚$I)

˚˚(:AND

˚˚˚(:=>˚(:OR˚(is-type˚silicon˚

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(material˚$L)˚(start-of˚$I)))

˚˚˚˚˚˚˚˚˚˚˚˚˚(is-type˚nitride˚

˚˚˚˚˚˚˚˚˚˚˚˚˚(is-type˚oxide˚

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(material˚$L)˚(start-of˚$I))))

˚˚˚˚˚˚˚˚(>˚(etch-rate˚$L˚$I)˚0.0))

˚˚˚(:=>˚(is-type˚photo-resist˚

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(material˚$L)˚(start-of˚$I)))

˚˚˚˚˚˚˚˚(N=˚(etch-rate˚$L˚$I)˚0.0))))

Figure 4.8 Qualitative example of a general Etch-Rate rule

64Chapter 4: Theoretical KnowledgeMore generally, however, specific rules which apply only to individual etch stepswill be attached to those etch steps. By this approach, all etch steps can inherit the samedescription of their behaviour, written in terms of the Etch-Rate function, but the natureof the dependence of etch rate on other factors can be individually specified for eachtype of etch step. The information provided may be as specific as the actual etch rateexpected for the materials that the step is intended to etch, the �selectivity� (the ratio ofthe etch-rates for the material to be etched and the material below it or the materialmasking the etch), or it may specify an expression or function that gives the etch-rate fora wide class of materials.One special subclass of etching techniques might be called �End-StoppedEtching.� End-stopped etch steps take advantage of the fact that some materials arealmost impervious to some etch techniques. When one wants to completely remove alayer at the surface of the wafer, one chooses an etch technique that easily etches thematerial of the layer to be removed, but has little impact on the material of the layerbeneath it. When it is possible to do this, one realizes the advantages that the etch step isless sensitive to the duration of the step, and that one can remove a layer that hasdifferent thicknesses in different regions. In our basic etch model, although the etch-rateis considered to be constant throughout any given layer, it can be different for eachlayer. Thus the basic etch model handles end-stopped etching without modification.In a related but distinct etching technique, which we call �End-Detect Etching,� afeedback mechanism is employed that enables the etch process to proceed until aspecific type of layer is exposed. While the duration parameter of the basic Etch model isconsidered an independent variable that determines how much etching takes place, inan End-Detect-Etch step the duration parameter is a dependent variable, determined bythe structure of the wafer. Usually, an additional parameter, which we call Overetch,indicates how long the etch process should continue beyond the exposure of thedetected layer, as a function of the time it took to expose the layer. The feedbackmechanism reduces sensitivity of the process to actual etch-rates.Our End-Detect-Etch model inherits from the Etch model. Modeling this sort ofoperation poses a technical difficulty. The duration of the step is (apart from theoveretch stage) is determined by the length of time it takes to etch through the layersabove the layer that is detected. This time will in general be different in different regions

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing65� for example, it would be extremely long in regions covered by a layer that masked theetch. Thus, the model must select the regions for which this time is minimal.This requires a universal quantification over all region-types in which thedetected layer is present, that states that the time to etch down to the detected layer in aspecific region-type is less than or equal to the corresponding time for all other region-types.Unfortunately, the truth of such a statement can never be established because theset being quantified over is an open set. Its members are discovered incrementally as aconsequence of processing operations, particularly photolithography operations. Thus,there is no point during the reasoning computation at which the modeling systemknows that all such region-types have been identified. In fact, we present themanufacturing operations to the system in chronological order, so that the region-typesit knows about at the time of the etch step are the only ones to be concerned with. Themodeling system, however, does not �know� this. Note, furthermore, that thisinformation lies outside the domain being modeled. It concerns the simulationcomputation, not the manufacturing plan being simulated.To resolve this problem, we introduce a new generic function: Layer-Closure.The Layer-Closure of a layer is the closed set of layer-regions known to be members ofthe layer at the time the value of the expression is needed. Thus, by semanticattachment, the layer-closure function takes the extra-logical step of making a closed-world assumption, justified by the chronological presentation of the manufacturingoperations.The layer-regions for which the etch-until-exposed time is minimal are collectedinto a set called the Detected-Layer-Regions of the step interval. Another genericfunction, Any-Member, selects an arbitrary member of this set as the determiner of theetch duration. By reference to this set, the process specifier can provide constraintshelping to identify the appropriate layer-regions in the absence of quantitativeinformation about etch rates and layer thicknesses.Figure 4.9 shows the encoding of the End-Detect-Etch model. It has three effectsstatements. The first specifies that none of the layer-regions in the detected-layer aredestroyed, and that only those for which the etch-destroy-time of the layer-region above

66Chapter 4: Theoretical Knowledgeis minimal are members of the detected-layer-regions set. The second statementindicates that the vertical-etch-duration is the time it takes to etch down to any memberof the detected-layer-regions set. Finally, the last statement indicates that the totalduration of the step is the vertical-etch-duration plus the overetch time. Of course, thismodel also inherits the statements of the Etch model and the Modify-Layers model.(defprocess˚END-DETECT-ETCH

˚AKO˚Etch

˚parameters˚

˚(($overetch˚positive-real)˚($detected-layer˚layer))

˚effects

˚((for-all-true˚$lr1˚e˚(@˚(layer-regions˚$detected-layer)

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(SPI))

˚˚˚(:AND

˚˚˚˚;; Detected layer is not etched through.

˚˚˚˚(<˚$duration˚(etch-destroy-time˚$lr1˚(PI)))

˚˚˚˚;; Layer regions �closest� to surface (in terms of etch time) are detected.

˚˚˚˚(:IFF

˚˚˚˚˚(for-all˚$lr2˚e˚(layer-closure˚$detected-layer˚(SPI))

˚˚˚˚˚˚(<=˚(etch-destroy-time˚(@˚(above˚$lr1)(SPI))˚(PI))

˚˚˚˚˚˚˚˚˚˚(etch-destroy-time˚(@˚(above˚$lr2)(SPI)) (PI))))

˚˚˚˚˚(member˚$lr1˚(detected-layer-regions˚(PI))))))

˚˚(N=˚(vertical-etch-duration˚(PI))

˚˚˚˚˚˚(etch-destroy-time

˚˚˚˚˚˚˚(@˚(above˚

˚˚˚˚˚˚˚˚˚˚˚(any-member˚(detected-layer-regions˚(PI))))

˚˚˚˚˚˚˚˚˚˚(SPI))

˚˚˚˚˚˚˚(PI)))

˚˚(N=˚$duration

˚˚˚˚˚˚(+˚(vertical-etch-duration˚(PI))

˚˚˚˚˚˚˚˚˚(*˚$overetch˚(vertical-etch-duration˚(PI))))))

˚constraints

˚((DEFN˚PI˚()˚(process˚interval))

˚˚(DEFN˚SPI˚()˚(start-of˚(process˚interval)))))

Figure 4.9 Model of End-Detect-Etch4.4.3.2. Sacrificing Completeness to Limit Complexity: The Diffusion ModelsSection 4.4.2 above points out that we use a very simplified representation of thedistribution of impurities within the wafer: each layer-region is considered to contain aconstant concentration of only one dopant. This representation matches the way waferstructures are often depicted in cross-sectional diagrams. Additionally, therepresentation (as presented in [7]) initially restricted the presence of dopants to layer-regions of crystalline silicon. This captured the intuition that, for the most part, thepresence of dopants only has interesting consequences in crystalline silicon, and wassufficient for capturing the early bipolar process we were representing at the time.

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing67The assumption that dopants in other types of layers can be ignored is not validfor modern MOS, CMOS and BiCMOS processes, in particular for the Stanford BiCMOSprocess, for two reasons. First, polysilicon (polycrystalline silicon) is often used as�wire� and as the gate material in the MOS transistors. This material is often doped toreduce its resistivity. It is therefore important to capture the impact of implantation stepsaimed at controlling the resistivity of this material.Second, the Stanford BiCMOS process employs a somewhat subtle technique tominimize the number of steps in the process. A single ion implantation step introducesdopant both into polysilicon regions that will be gates for NMOS transistors, and intopolysilicon regions sitting over the active area of the NPN bipolar transistors. In the gateregions, the impact is to reduce the resistivity of the gate layer. The dopant in this layeris prevented from diffusing into the crystalline silicon substrate by the thin gate oxidelayer interposed between the gate and the substrate. The dopant specie, arsenic,segregates preferentially into polysilicon over oxide, and so the oxide acts as a barrier. Inthe bipolar transistor regions, however, the polysilicon sits immediately above thecrystalline silicon substrate, over the p-type base layer-region. During a diffusion stepfollowing the implantation step, the implanted ions diffuse across the boundary fromthe polysilicon into the silicon. The number of ions that diffuse across the boundary issufficiently large that they outnumber the p-type ions in the base, and form a new n-type layer-region that becomes the emitter of the NPN transistor. Effectively, the dopedpolysilicon layer acts as a source of dopant for a pre-deposition step that creates theemitter.To adequately capture the logic of the BiCMOS manufacturing process, themodels of the wafer structure and of the ion-implantation and diffusion must allow forthe presence of dopant in layers of all types, and for the diffusion of dopants acrossboundaries between dissimilar materials as well as within crystalline silicon.Modifying the representation to allow for the presence of dopant in layer-regionsof any material is trivial. The only complication stems from the fact that the presence ofdopants can differentiate what was previously considered a single layer-region intoseveral layer-regions. Semiconductor engineers generally do not differentiate layersaccording to doping except in the case of crystalline silicon. Thus, the representationdeviates more from the intuition of the engineers.

68Chapter 4: Theoretical KnowledgeAllowing for diffusion of impurities across boundaries between dissimilarmaterials is considerably more complicated. This is due to the discrete action nature ofthe models and to our simplified ontology for dopant profiles. The crux of the problemis the combinatorics involved in expressing all the possible scenarios and theiroutcomes. For each layer-region, one must consider whether the adjacent layer-regionsare of the same or different materials (4 possibilities); whether they contain the samedopant species, another species or no dopant at all (25 possibilities, stemming from fourcommonly used dopant species and the no dopant option, squared due to twoneighbouring layer-regions); and whether the concentration of dopants in the adjacentregions are higher or lower than the concentration of dopant within the layer-region(and for a dopant of opposite polarity, if higher then whether it is sufficiently higher forthe influx of dopant to change the dominant species in the layer-region)(as many asanother 25 possibilities).These choices multiply, leading to 2500 possibilities that define most of thepotential initial scenarios. Then one must consider all the possibilities for how long thediffusion operation continues. For example, in the case of a layer-region sandwichedbetween two layer-regions of different materials, when dopant is diffusing from oneneighbour into the layer-region, is the layer-region sufficiently thin and the operationsufficiently long that the dopants also cross the second material boundary (i.e. isdiffusion through a thin film taking place)?A completely general model would have to consider all these possibilitiesbecause the discrete action, one-uniform-dopant representation does not permit theinfluence of each of these factors to be computed independently and then combined.There is no way to factor the problem into completely independent influences. However,some of this combinatorial explosion could be avoided by other representational choices.For example:1. keeping track of the concentration of each dopant species independently ratherthan figuring out which specie dominates and representing only one per layer,avoids reasoning separately about each possible combination of dopants andtheir relative concentrations;2.keeping track of dopant profiles rather than having dopant variations inducelayer-region distinctions, avoids the necessity to identify situations that inducechanges in wafer topology;

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing693.using an incremental evolution modeling approach (such as continuous processmodels) rather than a discrete action approach allows the many distinctoutcomes of a situation to be represented implicitly rather than explicitly.The representational choices in the above list are effectively how quantitativesimulators avoid combinatoric complexity. While it is also possible to adopt these in asymbolic simulator, it involves developing machinery that is beyond the scope of thisdissertation.A very general model of diffusion is thus out of reach given our representationalmachinery and our ontological choices. However, we can still capture the causation in amodern process like the Stanford BiCMOS process by sacrificing generality. Weaccomplish this by writing specific models that capture only those phenomena that weexpect to occur within a given step. For example, the diffusion step described above, inwhich the polysilicon layer above the NPN base layer acts as a dopant source for thecreation of the emitter layer would be represented by a special Poly-Source-Diffusionmodel that incorporated the within-silicon diffusion effects of the original diffusionmodel by inheritance, and added effects statements that described the diffusion of thearsenic across the polysilicon/silicon boundary to form a new layer-region.Figure 4.10 exhibits the Poly-Source-Diffusion model. The model�s effects applyonly when the material of a layer is polysilicon, the material of the layer below it is notpolysilicon, and the concentration of the dopant in the first layer, multiplied by thesegregation coefficient for the layer�s dopant and the two layers� respective materials isgreater than the concentration of dopant in the second layer. In that case a new layer iscreated representing the dopant that diffuses across the material boundary. The largenumber of �change� statements indicate the characteristics of this new layer, and thetopological relationships among the layers. The model depends on three functions thatdefine, respectively, the segregation coefficient for a given dopant and two materials; theamount of dopant that would diffuse across the boundary given the duration andtemperature of the step; and the depth to which these dopants would penetrate thelower layer (where the junction would form if the dopant type in the lower layer differsfrom that of the upper layer).

70Chapter 4: Theoretical Knowledge(defprocess˚Poly-Source-Diffusion

˚AKO˚Ox/Drive-in

˚effects

˚((for-all-existing˚$l˚\:˚layer-region˚(SPI)

˚˚˚(:IF˚

˚˚˚˚(:AND˚

˚˚˚˚˚(is-type˚polysilicon˚(@˚(material˚$l)˚(SPI)))

˚˚˚˚˚(:not˚(is-type˚polysilicon˚

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(material˚(below˚$l))˚(SPI))))

˚˚˚˚˚(>˚(*˚(@˚(concentration˚$l)˚(SPI))

˚˚˚˚˚˚˚˚˚˚˚(polysilicon-segregation˚$l))))

˚˚˚˚˚˚˚˚(@˚(concentration˚(below˚$l))˚(SPI))

˚˚˚˚(CREATED˚($NL˚layer-region˚(SPI))

˚˚˚˚˚(member˚$NL˚(new-layer(@˚(layer˚(below˚$l))(SPI))˚(PI)))

˚˚˚˚˚(member˚(@˚(layer˚(below˚$l))˚(SPI))˚(new-layers˚(PI)))

˚˚˚˚˚(change˚=˚(below˚$l)˚$nl)

˚˚˚˚˚(change˚=˚(above˚(below˚$l))˚$nl)

˚˚˚˚˚(change˚=˚(region-type˚$nl)˚(@˚(region-type˚$l)˚(SPI)))

˚˚˚˚˚(change˚=˚(top-pos˚$nl)˚(@˚(top-pos˚(below˚$l))˚(SPI)))

˚˚˚˚˚(change˚=˚(above˚$nl)˚$l)

˚˚˚˚˚(change˚-˚(concentration˚$l)

˚˚˚˚˚˚˚˚˚˚˚˚˚(/˚(xfer-dose˚$l)˚(@˚(thickness˚$l)˚(SPI))))

˚˚˚˚˚(change˚-˚(top-pos˚(below˚$l))˚(junction-depth˚$l))

˚˚˚˚˚(change˚-˚(thickness˚(below˚$l))˚(junction-depth˚$l))

˚˚˚˚˚(change˚=˚(bottom-pos˚$nl)˚

˚˚˚˚˚˚(-˚(@˚(top-pos˚(below˚$l))˚(SPI))˚(junction-depth˚$l)))

˚˚˚˚˚(change˚=˚(thickness˚$nl)˚(junction-depth˚$l))

˚˚˚˚˚(change˚=˚(below˚$nl)˚(@˚(below˚$l)˚(SPI)))

˚˚˚˚˚(change˚=˚(dopant˚$nl)˚(@˚(dopant˚$l)˚(SPI)))

˚˚˚˚˚(:IF

˚˚˚˚˚˚(v=˚(@˚(dopant-type˚(dopant˚$l))˚(SPI))

˚˚˚˚˚˚˚˚˚˚(@˚(dopant-type˚(dopant˚(below˚$l)))˚(SPI)))

˚˚˚˚˚˚(change˚=˚(concentration˚$nl)

˚˚˚˚˚˚˚˚˚˚˚˚˚˚(*˚(@˚(concentration˚$l)˚(EPI))

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(polysilicon-segregation˚$l))))

˚˚˚˚˚˚(:NOT˚(v=˚(@˚(dopant-type˚(dopant˚$l))˚(SPI))

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(dopant-type˚(dopant˚(below˚$l)))˚(SPI))))

˚˚˚˚˚˚˚˚˚˚˚˚˚˚(-˚(*˚(@˚(concentration˚$l)˚(EPI))

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(polysilicon-segregation˚$l))

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(concentration˚(below˚$l))˚(EPI))))

˚˚˚˚˚(change˚=˚(material˚$nl)

˚˚˚˚˚˚˚˚˚˚˚˚˚(@˚(material˚(below˚$l))˚(SPI)))))))

˚constraints

˚((DEFN POLYSILICON-SEGREGATION ($l)

˚˚˚(segregation-coefficient

˚˚˚˚(@˚(dopant˚$l)˚(SPI))˚polysilicon

˚˚˚˚(@˚(material˚(below˚$l))˚(SPI))))

˚˚(DEFN˚XFER-DOSE˚($l)

˚˚˚(transferred-dose

˚˚˚˚$duration˚$temperature˚$l˚(@˚(below˚$l)˚(SPI))))

˚˚(DEFN˚Junction-Depth˚($l)

˚˚˚(Diffused-Junction-depth

˚˚˚˚$duration˚$temperature˚$l˚(@˚(below˚$l)˚(SPI))))))

Figure 4.10 Model of diffusion across polysilicon material boundary

4.4. Symbolic Qualitative Modeling of Semiconductor Manufacturing71The model implicitly makes a couple of assumptions. First, it assumes that onlydiffusion between polysilicon layers and the layers below them matter (it assumes nodopants cross from the polysilicon layer to the layer above it). Second, it assumes thatthe new layer does not completely wipe out the original lower layer: the lower layer isnot a thin film that the dopants saturate and cross. These assumptions, and the lack ofgenerality they entail, imply that the model will not correctly predict the outcome insituations that vary slightly in certain ways from the situation in which it is assumedthat the model will be used. Thus, as models become less general, they take on more ofthe undesirable characteristics of experiential causal associations. Experiential causalassociations can be thought of as �theoretical� models with an extreme degree ofspecificity.The Poly-Source-Diffusion model exhibits how the creation of new layers ishandled. The model creates new layer-regions individually. Within the CREATED formthat creates a new layer-region, two sub-statements are included to manage thecollection of these new layer-regions into layers. The first states that the new layer(bound to the variable $NL) is a member of a set of layer-regions associated with thelayer of the layer-region below the polysilicon layer. This layer is considered to be thelayer that the new layer is �based on.� The second statement indicates that this �base�layer is a member of the set (new-layers (process interval)). These twostatements interact with those inherited from the Create/Modify-Layers model to createthe new layer. The relevant statements from the Create/Modify-Layers model areshown in Figure 4.11.(defprocess˚CREATE/MODIFY-LAYERS

˚AKO˚Modify-Layers

˚effects

˚((for-all-true˚$old-layer˚e˚(new-layers˚(PI))

˚˚˚(CREATED˚($new-layer˚layer˚(SPI))

˚˚˚˚(for-all-true˚$lr˚e˚(new-layer˚$old-layer˚(PI))

˚˚˚˚˚(:AND

˚˚˚˚˚˚(member˚$lr˚(@˚(layer-regions˚$new-layer)˚(EPI)))

˚˚˚˚˚˚(change˚=˚(layer˚$lr)˚$new-layer)))))))

Figure 4.11 Definition of Create/Modify-Layers modelsThe essence of this model is that it creates a new layer for each base layer in thenew-layers set, and collects all layer-regions based on each base layer into the set oflayer-regions that comprise the new-layer.

72Chapter 4: Theoretical Knowledge4.5. SummaryModel-based reasoning techniques confer a degree of robustness on a diagnostic system.Modeling technology is used to explicitly represent the mechanisms underlying asystem�s behaviour in a general way. This makes it possible to explicitly encode manyaspects of the context in which the system operates and how its behaviour depends onthis context. Moreover, the effects of changes in the context can be often be predicted.Such contextual changes thus modify, rather than invalidate, the inferences of which thediagnostic system is capable.We employ a device-centered reductionist approach to modeling semiconductormanufacturing. In this approach, we model the manufacturing operations asparameterized discrete actions, and the manufacturing process as a sequence of theseactions. The models describe, in simplified terms, the overall effect of performing eachoperation on the topology and geometry of the structures created on the wafers beingprocessed. This approach makes it possible to integrate the effects of the entiremanufacturing process, keeping track of which operations are causally involved in thecreation and modification of which features of the wafer structures.The only communication between the operations of the manufacturing process ismediated by the structures created on the wafer. Thus, it is necessary to represent thesestructures explicitly. These structures are complex and three-dimensional. Representingand reasoning about these structures requires reasoning about geometrical shapes andrelations, and how these are modified by chemical processes. The ontological choicesmade in deciding how to represent the structures strongly affects the generality,complexity and utility of the models. In particular, we choose to limit the complexity ofgeometrical reasoning in our system by limiting ourselves to a simplified representationthat tracks geometry in only one dimension and topology in two dimensions.Features of the semiconductor manufacturing domain complicate therepresentational machinery needed to reason in this domain. Structures can be createdand destroyed, and their number depends on the precise sequence of operationsperformed. The operations in the manufacturing process are distributed through time.These characteristics imply a need for quantified statements in the description of anoperation�s effects, and a capability for at least a simple form of nonmonotonicreasoning. To minimize the complexity of reasoning in such an environment, we limitthe capability of the reasoner to concrete inferences (forgoing the possibility of abstract

4.5 .Summary73inferences) and employ semantic attachment. Semantic attachment is used both to alloweconomical algorithms for inference based on iconic representations, and to enable mostterms to evaluate to canonical names for the objects they refer to.The choices we make when deciding how to model a domain limit the range ofphenomena that the resulting models can be used to reason about. In particular, ourdecision to limit ourselves to one-dimensional geometry in the representation of waferstate precludes reasoning about phenomena that hinge on intrinsically two- or three-dimensional effects. Also, our decision not to represent some kinds of operations, suchas cleaning steps and photoresist baking steps, precludes reasoning aboutmanufacturing failures that stem from problems with these types of operations.As we saw in section 4.4.3.2, the decision to represent operations as discreteactions and to represent the distribution of dopant by discrete homogeneous layersmakes it difficult to represent the effects of diffusion operations in a completely generalway. This is because there is a combinatorial explosion in the number of possibleoutcomes of a diffusion operation, and a discrete action representation requires that eachpossible outcome be treated separately. Satisfactory treatment of diffusion operationswould require models of behaviour that represent change as incremental evolution, andmodels of wafer structure that represent the distribution of dopants with greateraccuracy. In effect, it would require finer granularity in the representation of both timeand space. To limit the complexity of models within our present framework, it isnecessary to limit the generality of the models. This implies that when modeling aparticular diffusion operation in a manufacturing process, one must make anassumption regarding the state of the wafer at the time of the operation, and choose themodel that is most appropriate. Thus, even our representation of theoretical knowledgewill contain contextual assumptions.In conclusion, we note that using model-based techniques to representtheoretical knowledge enables a diagnostic system to be robust in the face of changes incontext, because the dependency of the knowledge on such context is explicitlyrepresented. However, the range of phenomena that can be captured is limited. Somephenomena will lie outside the scope of known theory. More importantly, ourrepresentational machinery cannot capture some phenomena that are well-understoodtheoretically, in a manner that admits both succinct representation and tractable

74Chapter 4: Theoretical Knowledgereasoning. Finally, even the representation of theoretical knowledge will include somecontextual assumptions.

Chapter 5. Process RepresentationThe model-based approach seeks to achieve a certain level of robustness byautomatically adapting to changes in the manufacturing plan. It can do so because themanufacturing plan is an explicit input to the system, and all knowledge about thecausal relationships in the process is determined by symbolically simulating the process.This implies that it is necessary to supply the system with a representation of themanufacturing plan. Like any other simulator, the DAS qualitative simulator defines itsown idiosyncratic syntax for representing manufacturing plans. The first section of thischapter briefly describes that syntax, indicating the information requirements of thesimulator.The models of the actions, and the specifications of the manufacturing planemploy qualitative information primarily. This is supplemented by some quantitativeinformation in the form of analytic equations, and numerical values for someparameters. It was pointed out in section 4.4.1 above that the goal of the simulation isnot accurate prediction of the outcome of the manufacturing process, but explication ofthe causal relationships inherent in it. We assert that to uncover these causalrelationships, only qualitative information is required. Further, some phenomena in thedomain may not be amenable to accurate quantitative representation by analyticexpressions of the sort used by the models. Thus, using primarily qualitativeinformation is both justified and necessary. However, it is useful during thedevelopment of the process representation (as well as development of the models) to beable to create a graphic display of the structure of the wafer after each operation. Thecreation of a graphic display requires quantitative information, because of the necessityto commit to specific coordinates for each wafer-region and layer-region. Accuratevalues for all parameters and more importantly, accurate analytical expressions for allfunctions employed in the models, may not be available. Hence, the DAS simulatorsupports a display subsystem that employs faux values for parameters and functiondefinitions. These completely shadow and are kept separate from any true quantitativeinformation provided, to emphasize that they are only intended to facilitate

76Chapter 5: Process Representationvisualization of the process, and not to reflect an accurate quantitative simulation of it.The second section of this chapter describes this display subsystem.The fact that every simulator has its own idiosyncratic requirements regardingprocess representation, and that still other representations are required for running thefabrication facility, leads to a serious maintenance and consistency problem forsemiconductor manufacturers. When several representations must each be created byhand, it is very difficult to ensure that all these representations are consistent.Furthermore, as the process is developed and refined, it is difficult to ensure that all therepresentations in use are kept up to date. One result is that one cannot be certainwhether the process being run in the factory is the same as the process that wassimulated. Additionally, since each representation is tuned to serve a specific purpose,none of these application-specific representations is sufficiently complete to serve thepurpose of documenting the process for technology transfer and corporate memory.For this reason, research is currently ongoing aimed at developing a unified,computer-readable process representation that can serve all the purposes for whichmultiple representations are currently needed. The idea is that a single, very richrepresentation of the process is developed and maintained in a logically centralizedprocess representation server. The representations needed for simulators, runsheets,scheduling and other purposes are then automatically derived from this unifiedrepresentation. The third section of this chapter briefly describes the prototype unifiedprocess representation being developed at Stanford in collaboration with EnterpriseIntegration Technologies, Inc. (EIT), which is embodied in an object-oriented server withpersistent storage called the �Distributed Information Service (DIS)� [36]. Finally, afourth section describes how the information needed to drive the DAS simulator isextracted from that representation.5.1. Representing the Process for DASTo perform a simulation, the Gordius qualitative symbolic simulator requires three basictypes of information about the specific process in addition to the general knowledgedescribed in the previous chapter. As the system is written in Common Lisp, each ofthese types of information is specified using Lisp function and macro calls.The first type of information required is a description of the initial world-state:˚adescription of the state of the world at the beginning of the simulation. For DAS, this is a

5.1. Representing the Process for DAS77description of the initial state of the wafer that is to be subjected to the manufacturingprocess. For each structure whose manufacture is to be simulated, one must create astructure, a wafer-region, a region-type, a layer-region and a layer (assuming that theinitial wafer is a homogeneous crystal of silicon). One must indicate the obviousrelationships among these, specify the dopant type of the background dopant if any, andif desired, specify values for dopant concentration and geometric dimensions.A Lisp function called Set-Up-Substrate is provided that will create the initialsubstrate layer and region-type. Its arguments are: the name to be assigned to thesubstrate layer (this name with a number appended is given to the initial layer-region ofthe layer), the name to be assigned to the initial region-type, the name of the substratematerial, and the name of the first time-point (usually simply START). An optionalargument can be used to specify the species of the background dopant. The above andbelow attributes of the initial layer-region are initialized to a constant object of typeENVIRONMENT called THE-ENVIRONMENT.Another Lisp function called Set-Up-Structure is provided that will create astructure and the initial wafer-region spanning the width of the structure. Its argumentlist consists of: the name to be assigned to the structure, the name to be assigned to thewafer-region, the name of the initial region-type (which should already have beencreated) and the name of the initial time-point. The left and right attributes of thestructure�s initial wafer-region are both initialized to be a constant object calledREGION-EDGE.Finally, a Lisp function called Initialize-Run is provided that initializes a singlestructure called STRUCTURE1 with an initial layer called SUBSTRATE, a materialcalled |Silicon|, an initial region-type called LD1, an initial dopant species of BORON,and an initial region called REGION1. This function takes only one argument, whichshould be the name of a function that will construct the descriptions of the masks thatwill be used by the process.The second basic type of information required is a description of the topologyand geometry of each mask layer within each structure. One must create masks andtheir constituent mask-regions, specify the opacity of each mask-region and describe therelative placement of mask-region edges either qualitatively or quantitatively.

78Chapter 5: Process RepresentationTo facilitate the construction of mask descriptions, a Lisp function called BUILD-A-MASK is provided. The arguments to this function are: the name to be assigned to themask, the name of the initial time-point, and a list of mask-region descriptions in aspecial syntax. BUILD-A-MASK assumes that the mask-regions described in the list areadjacent to one another and specified in left-to-right order. Each mask-regiondescription is a list starting with one of the two symbols OPAQUE andTRANSPARENT. Obviously, the mask-region descriptions will alternate between thesetwo. The remainder of each mask-region description list consists of optional constraints.Each constraint is a list beginning with a keyword specifying the type of the constraintfollowed by a single argument.One type of constraint is specified by the keyword :CALLED. This constraintpermits the mask-region to be named, so that it can be referred to in the descriptions ofother masks. All other constraints constrain the horizontal extent and position of themask region by constraining the positions of the mask-region�s edges. The keywords:FROM, :START-BEFORE and :START-AFTER constrain the position of the mask-region�s left edge (its left-pos), by specifying how the position of the edge relates to theposition of other lateral features of either the structure being masked or the other masks.The keywords :TO, :END-BEFORE and :END-AFTER similarly constrain the mask-region�s right edge. The list of mask-regions in each mask should span the width of thestructure�s initial wafer-region. The first mask will be registered most often to the edgesof the initial wafer-region, and subsequent masks will be defined in relation to the edgesof mask-regions in previous masks. One could also use the :FROM and :TO constraintsto provide quantitative lateral coordinates for the mask edges. Figure 5.1 illustrates asimple mask-description that defines mask edge positions relative to the edges of boththe initial wafer-region (REGION1) and mask-regions of a previous mask(COLLECTOR-MASK).It is necessary to give each mask level for each structure a unique name. Further,any names given to mask-regions must be unique across all masks for all structures. Ageneric-function called MASK-LEVEL is used to associate the appropriate mask witheach tuple of mask-level and structure.

5.1. Representing the Process for DAS79(build-a-mask˚’ISOLATION-MASK˚’START

˚’((opaque˚(:CALLED˚ISOLATION-MASK-LEFT)˚

˚˚˚˚˚˚˚˚˚˚˚(:FROM˚(left-pos˚REGION1))

˚˚˚˚˚˚˚˚˚˚˚(:TO˚(right-pos˚COLLECTOR-MASK-LEFT)))

˚˚˚(transparent˚(:CALLED˚ISOLATION-MASK-TRANSPARENT1))

˚˚˚(opaque˚(:CALLED˚ISOLATION-MASK-MIDDLE))

˚˚˚(transparent˚(:CALLED˚ISOLATION-MASK-TRANSPARENT2))

˚˚˚(opaque˚(:CALLED˚ISOLATION-MASK-RIGHT)

˚˚˚˚˚˚˚˚˚˚˚(:FROM˚(left-pos˚COLLECTOR-MASK-RIGHT))

˚˚˚˚˚˚˚˚˚˚˚(:TO˚(right-pos˚REGION1))))

Figure 5.1 Simple example of a mask description.The third basic type of information required for the simulation of the process is alist of the processing operations comprising the manufacturing plan. Each operation isexpected to be an instance of one of the actions modeled. A Lisp macro called FAB-PROCESS-INSTANTIATE is used to create each instance in the list. This macro takesone required argument, the name of the action to be performed, and any number ofoptional constraints. Generally, the constraints are statements in the same lisp-syntaxlogic used in the models of the actions. However, some constraints need to be specifiedwith such regularity that special syntax is provided to facilitate their inclusion.One set of constraints that should be included in the description of every actionconcerns the time-interval during which the operation takes place. DAS must be toldexplicitly how the time-intervals for each action relate to one another. Also, it isgenerally useful to give the time-interval of each action a meaningful name. A specialsyntactic form is provided that permits several constraints to be specified succinctly in asingle statement. The form of this statement is:(INTERVAL <preceding> < <interval-name> < <following>)where <preceding> and <following> are specifications of time-points. This singlestatement indicates that the name of the time interval is <interval-name>, and that itoccurs after <preceding> and before <following>.Since most of the action models are parameterized, it is necessary to specify orsomehow describe the values of these parameters. One way to do this is to include aconstraint statement of the form:(called <parameter name> <parameter value>)

80Chapter 5: Process RepresentationSuch a statement allows either a quantitative or symbolic value to be specifiedfor the parameter. It should be noted that providing quantitative values for numericalparameters may not be sufficient to constraint the simulation to a unique outcome. Theywill only be sufficient if arithmetic expressions or semantically attached lisp functionsare provided for all relevant functions mentioned in the action models. The alternativeapproach is to write a statement that qualitatively constrains the value of theparameter(s) by partially indicating the expected outcome of the operation. For example,one might specify that the duration and temperature of an oxidation step are sufficientto grow an oxide of a given thickness. Statements of this type not only help to constrainthe simulation, but also partially document the intention of the process designer.Statements of this kind can be very weak, as long as they unambiguously define theoutcome of the action. For example, the constraint for the oxidation step may merelyindicate that the duration of the operation is not sufficient to completely oxidize theentire substrate layer.These qualitative constraints will generally require universal quantification,because at the time the constraint is being written the number of individuals affected bythe constraint may not be known, and they are likely to be also to be anonymous. Thatis, as processing proceeds new individuals, such as new layer-regions, are created. Theseindividuals will have system-assigned names, and their number will depend on how theactions of the process interact. To facilitate the writing of such constraints, a predicatecalled NAMED is provided. This predicate permits the process designer to providemeaningful names for individuals that are expected to be created during an action, sothat these may be referred to by name in constraints associated with subsequent actions.Figure 5.2 displays a simple example of how an oxidation step might bespecified. In the example, the time-interval is given the name STEP1. This intervaloccurs after START, which is the name of the initial time-point of the simulation. Theexample illustrates the use of a time-point called *NOW*. The *NOW* time-pointmerely serves to indicate that the STEP1 time-interval is finite. It is not necessary toindicate that it ends before the beginning of the next step, as the description of the nextstep will indicate that that step begins after the end of the current step. During asimulation, if the execution is interrupted after any given step, the user can convenientlyuse the *NOW* time-point to refer to the latest values of all time-dependent attributes.

5.1. Representing the Process for DAS81The operation described in figure 5.2 includes two additional constraints. Thefirst indicates that none of the layer-regions in the SUBSTRATE layer are completelyoxidized. The second indicates that any new layers created (only one is expected) shouldbe named INITIAL-OXIDE.(fab-process-instantiate˚OXIDATION

˚(interval˚start˚<˚STEP1˚<˚*now*)

˚(for-all-true˚$lr˚e˚(@˚(layer-regions˚SUBSTRATE)

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(start-of˚STEP1))

˚˚(<˚$duration

˚˚˚˚˚(oxidation-destroy-time˚$lr

˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚$temperature˚(start-of˚STEP1))))

˚(for-all-existing˚$l˚\:˚layer˚(end-of˚STEP1)

˚˚(:=>˚(created-during˚$l˚STEP1)

˚˚˚˚˚˚˚(named˚$l˚INITIAL-OXIDE))))

Figure 5.2 Instance of an Oxidation operation5.2. Representing the Process for DisplayThe qualitative simulation process is a highly abstract computation that involvesforming literally thousands of formulas and determining for each whether they are trueor false. How can a user reassure his or herself that the simulation is proceedingcorrectly, that the process specification, for example, is correct and sufficientlyunambiguous? Two standard techniques are to generate a log of the progress of thesimulation, and to provide ways to visualize it.The DAS system generates a simple log indicating which step is being executed,when it finishes, how long it took and how much time the entire simulation isaccumulating. The steps are identified by the name given to the time interval by theINTERVAL constraint described in the previous section. The user can augment thisidentification by providing a descriptive string to be displayed in the log. This is doneby adding to the process specification a special constraint of the form:(display-message <descriptive string>).For semiconductor manufacturing, the obvious visualization tool to provide isone that creates a display of the structures being created on the wafer similar to thedrawing in figure 4.4 of the last chapter. However, this poses a difficulty. To create sucha display requires that numerical coordinates be determined for corners of each layer-region displayed. The quantitative information required to determine such coordinateswill often be lacking for two reasons. First, quantitative values for the parameters to each

82Chapter 5: Process Representationmodel may be missing. During the early phases of design, one can use the DASsimulator to qualitatively simulate the process design before such quantitativeinformation has been determined.More importantly for our case, which is concerned more with diagnosis thandesign, even when quantitative values are established for all real-valued parameters, thesimulator may not be able to determine quantitative values for the wafer structureattributes that are determined by those parameters. The simulator can propagatequantitative information through the analytic expressions in its models, whether thatinformation consists of unique values or interval bounds on the values. However, themodels will often employ functions for which no analytic expressions are known to thesimulator. This is due to the fact that the phenomena being modeled are not amenable toaccurate representation in analytic expressions. In these cases, the models employfunctions so as to indicate that a functional relationship exists between the value of thefunction and the quantities given as arguments to the function. However, the models donot try to express the relationship mathematically in terms of an analytic expression,because no such analytic expression could accurately represent the relationship.It is possible in many cases to provide analytic expressions for many of thefunctional relationships that apply within a specific narrow range of operation. Theexpressions employ �tuning� parameters, and are essentially curves fitted to empiricaldata. This is the approach used in the Fabrics statistical simulator [37]. The focus of thatwork was to provide a very fast quantitative simulator that could be used in MonteCarlo simulations to characterize the behaviour of a process in the neighbourhood of theoperating point for which the analytic expressions were tuned. Even in the Fabrics work,however, it was found that diffusion phenomena required numerical techniques becauseanalytic expressions were not sufficiently accurate.Furthermore, the goal of the DAS simulator is not accurate quantitativesimulation. As was stressed in the previous chapter, the goal is to elucidate the causaland functional relationships in the manufacturing process. In some cases, the curve-fitting analytic expressions do not lend themselves easily to incorporation in a modelorganized around the process engineer�s conceptual understanding of what ishappening in the process.

5.2. Representing the Process for Display83Finally, there is a pragmatic reason for avoiding the incorporation of suchanalytic expressions. Process engineers have a great need for accurate quantitativesimulators, and that is what they have historically been offered. For this reason, once it ispossible to simulate the process quantitatively, improving the accuracy and precision ofthe simulation becomes an overriding focus and priority, and lack of accuracy is seen asa failing of the simulator and its models3 . Keeping the DAS simulation strictly in thequalitative domain helps to stress that DAS is not competing with numerical simulatorsin the accurate quantitative prediction of the results of processing, but attempting toserve a completely different purpose.We desire a display that is qualitatively rather than quantitatively correct, thatreflects as much as possible what the simulator has determined to be true about thestructure of the wafer. To accomplish this, the DAS system determines symbolicexpressions for the geometric attributes of the layer-regions by tracing the dependenciesthrough the wafer history. The resulting symbolic expressions involve only theparameters to the models of each step, and those functions that are not further definedwithin the models. The expressions are then evaluated to determine the coordinatesneeded for the visual display, using approximate values for the parameters and Lispfunctions that very roughly approximate the undefined functions. These approximatevalues and functions constitute a faux˚quantitative simulation that is parallel andindependent of any quantitative reasoning done within the qualitative simulator.By keeping these separate from the models and the parameter values provided inthe process specification, it is emphasized that their only purpose is to supportvisualization, and that they can be left out entirely if visual displays are not desired. Inparticular, it is emphasized that the faux Lisp functions do not attempt to achievenumerically accurate estimates of the functions employed in the models. Rather, theyprovide very simple, rough approximations suitable only for producing a reasonable-looking diagram.

3This was the experience with the AI Process Simulator at Texas Instruments.(RobertHartzell, personal communication).

84Chapter 5: Process RepresentationTo provide the faux values for parameters, the process specification can includeconstraints of the form:(display-parameters (<name1> <value1>)�(<nameN> <valueN>))where <name1>�<nameN> are names of parameters and <value1>�<valueN> arecorresponding numerical values for the parameters.The function fab-display-fn, if provided to the simulator as an argument at thebeginning of the simulation, will be used by the simulator to generate a display of thewafer structure at the end of each step. Since the simulator creates a wafer history thatencodes the entire history of the structure of the wafer, the function also can be used toview the wafer structure at any quiescent time-point that has already been simulated(generally, the start-of or end-of any interval that has been simulated).The display reflects the information known to the qualitative simulator because itis based on symbolic expressions extracted from the wafer history produced by thesimulator. However, it should be noted that one should take considerable care ininterpreting the display. Some features in the display may be accidents produced by thechoice of faux parameter values and functions. For example, two layer-regions thatappear to have the same height on the diagram may not be known to have the sameheight by the qualitative simulator. To check what the simulator actually knows, it isnecessary to evaluate sentences in the simulator�s logic to determine what the simulatorknows about their truth. This is facilitated by a lisp function called term-eval-print.When the form (term-eval-print) is evaluated in a Lisp Listener window, a newreader is invoked that reads formulas in the modeling language and evaluates them. Ifthe formula is a sentence, its truth value is printed (actually, the TMS node indicating itstruth value is printed). If the formula is a term, then the value of the term in thesemantically attached Lisp interpretation, if any, is printed. Furthermore, after asentence is evaluated, one can enter the symbol why. This invokes a simple explanationsystem that facilitates determining why the system (dis)believes the sentence, by listingthe sentences that support the original sentence and their truth values. These sentencesare numbered, and one can recursively question why particular sentences are(dis)believed by entering the corresponding number.

5.3. The DIS Semiconductor Process Representation Server855.3. The DIS Semiconductor Process Representation ServerThere are many different activities throughout the life cycle of a manufacturing processthat require some representation of exactly what the manufacturing process is. Inaddition to the �runsheets� needed to actually run the manufacturing process in thefactory, other representations of the process are needed to drive technology simulatorsto aid in designing, improving and debugging the process, as well as to drive factorysimulators and schedulers to aid in optimizing cost, resource utilization, productthroughput and other variables.Each of these applications employs a different model of semiconductorprocessing and processing plans, and each requires its own idiosyncratic representationof the manufacturing process. The need to create and maintain multiple redundantrepresentations incurs a high cost in duplication of effort. As well, it is very difficult toensure that all these ad hoc representations are kept in synchrony as the process isdeveloped and modified. Furthermore, none of these specialized representations is asufficiently complete description of the process to serve the functions of technologytransfer and corporate memory.To remedy these problems, several organizations encompassing both industryand academia are developing the notion of a comprehensive �Semiconductor ProcessRepresentation (SPR).� The intention is that only a single representation of the processbe developed and maintained, sufficiently rich to serve all the purposes that currentlyrequire multiple ad hoc representations. In order to drive computer simulations, andalso to enable automation in the factory itself, this representation must take a machinereadable and manipulatable form.The fact that manufacturing plans can be viewed as procedures for carrying outthe manufacturing has led some researchers to investigate the use of a programminglanguage approach to this representation problem [38-41]. However, manufacturingplans are more than just procedures. Also, more information than just themanufacturing plan itself (such as information about equipment and facilities, forexample) will eventually have to be represented in a fashion that permits a richinterconnection with the representation of the manufacturing plan. Finally, the fact thatdifferent applications model semiconductor manufacturing differently may imply aneed for the ability to reason about the structure of the plan, and suggests that therepresentation of that structure should be more declarative than is generally the case in

86Chapter 5: Process Representationprogramming languages. These and other reasons have led to investigation ofdeclarative, object-based approaches to the problem [42-48].The Distributed Information Service (DIS) [36] is an object-oriented system forsharing knowledge with persistent storage in a client/server environment. It wasdeveloped to be a logically central (though possibly physically distributed) electronicreservoir of information concerning all aspects of semiconductor design andmanufacturing. It permits client applications to interact with it at two different levels ofabstraction: the �Abstract Object Interface (AOI)� defines an abstract object-orientedframework for representing any kind of information, that features dynamic classcreation, dynamic reparenting (reclassification), and dynamic, multiple inheritance; the�Domain Specific Language (DSL)� provides abstractions that correspond to importantconcepts in a specific domain, and hides the implementation of these concepts in theunderlying AOI framework.At the AOI level, applications interact with DIS in terms of OBJECTs, theirSLOTs, FACETs on those SLOTs, and METHODs written in a Scheme-like extensionlanguage. The objects are identified by name, and exist in different NAMESPACEs. TheOBJECTs are organized into an inheritance hierarchy, or taxonomy (actually aninheritance graph, as multiple inheritance is supported). The AOI level makes nocommitments regarding the ontology used to represent information: applications arefree to invent their own ontologies.At the DSL level, interactions are in terms of concepts in an extensible, domain-specific ontology to be shared by all applications, so that information-sharing isenhanced. Although the DIS system is being used to represent information of manydifferent kinds useful for device design, facility management, and process design,semiconductor process representation is currently the only domain for which a DSL hasbeen defined. The basic concepts in this DSL include STEPs, EQUIPMENT,PARAMETERs, ATTRIBUTEs and DOMAINs. STEPs can be hierarchically composed ofother STEPs; STEPs and EQUIPMENT can have PARAMETERs; PARAMETERs canhave ATTRIBUTEs, and can belong to DOMAINs. STEPs and EQUIPMENT alsoparticipate in an inheritance hierarchy (taxonomy). Extension of the ontology is throughthe creation of specializations within the taxonomy, to represent specialized classes ofSTEPs and EQUIPMENT (for example, to differentiate etch steps from diffusion steps).The first-level partition of the STEP concept is into TOP-LEVEL-PROCESSes (intended

5.3. The DIS Semiconductor Process Representation Server87to represent �complete processes�), PROCESS-MODULEs (intermediate aggregations),PROCESS-STEPs (roughly corresponding to the ill-defined but ubiquitous concept of a�unit process�) and EQUIPMENT-OPERATIONs.In addition to these two levels of abstraction, DIS provides operations for sessionmanagement, transaction management, client authentication and programmablenotifications to interested clients of when changes are made to particular objects in DIS.Ongoing research is aimed at adding design configuration management and moresophisticated access control.

Electronic RunsheetRunsheetDISDASSupremProcess Specification

¥¥¥Figure 5.3 Semiconductor Process Representation Server scenarioCommunication with the server is through a (programming languageindependent) protocol using character-strings over a stream-based network protocol(TCP/IP). However, special support is provided for C++ applications in the form of a

88Chapter 5: Process Representationclient library that provides an object-oriented interface that hides the string-basedprotocol.Figure 5.3 illustrates the scenario for use of the DIS system as a semiconductorprocess representation server. A process specification system is used to compose theprocess plan and store it in the DIS server, incorporating as much as possible pre-existing steps from a public section of the inheritance hierarchy that serves as a�component library� for semiconductor processes. Then, applications that requireinformation about the process plan , such as simulators and runsheet generators, obtainthe information by accessing the server.5.4. Extracting the DAS representation from DISGiven that a rich representation of the manufacturing process is stored in the DIS server,the question arises as to how it can be used to drive the DAS qualitative simulator. Quiteapart from the low-level issues of communicating with the server over the network andsyntactically transforming the information obtained into the format required by thesimulator, there are two somewhat thornier issues. These issues arise not only for DAS,but for any existing application that must access the information. Future applicationsmay be designed with the current process representation in mind, thus alleviating theseissues somewhat. However, they will probably continue to arise even for such �processrepresentation-aware� applications.The first issue concerns the need to translate the representation of steps and theirparameters in the process representation into the conceptual vocabulary of the variousapplications. The process representation in the server necessarily makes ontologicalcommitments concerning what kinds of operations occur in a process, and whatinformation is available about each operation. These commitments, the �language� usedto describe processes will not, in general, match the commitments made by the designersof different simulators and other applications.The second issue concerns the fact that different applications have differentviews regarding what is to be considered an atomic operation (a �step�) versus acomposite operation (a �module�). The process representation in the server will havemade choices about the temporal boundaries of operations, and the compositionalgranularity of the representation. Once again, these may not coincide with the way otherapplications choose to make these decisions.

5.4. Extracting the DAS representation from DIS89We consider these two issues in turn in the next two subsections. Then wedescribe how we would prefer that model selection be handled, and finally, howpragmatic considerations force us to fall short of this goal.5.4.1 Step Taxonomy and Model SelectionDifferent applications �think about� semiconductor processing differently, and no singleapplication needs all the information that all of them require collectively�thereforesome data reduction and translation is required. One way of looking at this problem isto think of it in terms of determining how the steps in the representation of the processare to be modeled˚for each application.Each application defines its own vocabulary for describing what goes on in thefab. Writing a specification, an �input deck� for SUPREM, for example, involvesmapping the activities that take place in the fab into the conceptual categories ofprocessing operations understood by the simulator, and its vocabulary for them.The DIS representation permits steps to be organized into a taxonomy. Thetaxonomy groups steps that have a common abstraction into classes. There are manydifferent ways to organize manufacturing operations into abstract classes. Indeed,different users likely have different ideas about what the organizing principle in thetaxonomy should be.We are not restricted to one such organizing principle: the representationalmachinery allows for multiple-parent taxonomies, so that a given step can be situatedsimultaneously within different abstract classes. Also, it is possible and sometimesuseful to use different abstraction principles at different levels in the taxonomy. Here wewill explore the relationship between the organizing principle of the taxonomy, and theproblem of selecting appropriate models for simulating a process.The primary constituents in the description of a step are PARAMETERS. Thereare at least three different categories of parameters. To support runsheet generation andto drive the �programmable factory� as well as to support equipment simulators, theremust be SETTINGS parameters that describe what the process equipment settings are forthe operation. Since such settings information is apt to be specific to the type ofequipment used, it can only appear in the description of steps that are sufficientlyspecific and concrete that at least the type of the equipment has been assigned.

90Chapter 5: Process RepresentationProcess simulations employ models which often operate at a more abstract level.To support these simulations, two additional categories of parameters are required:EFFECTS and ENVIRONMENT. The effects parameters describe the impact ofperforming the operation. For a chemical vapor deposition step the effects parametersmight include the thickness of the layer deposited, and its chemical composition ormaterial type. Such information helps to document the intentions of the process designerin employing the step, and is needed to drive some simulators that are not physically-based.The environment parameters describe the micro-environment created at thesurface of the wafer. These allow physically-based simulators to determine the impact ofperforming the operation by determining what physical and chemical processes willoccur.In well-designed equipment, one should expect the distinction between thesecategories of parameters to blur: the purpose of the equipment is to achieve the desiredeffects by manipulating the wafer�s environment. Thus, one will often find that theequipment�s settings are directly calibrated in terms of environmental or (lessfrequently) effects parameters. For example, one of the key environmental parameters ina furnace is temperature. Through the use of continuous feedback control, this can alsobe an equipment setting, and the power delivered to the RF coils or heating lamps can bean internal variable hidden from the user. As another example, a ion implanter can havea setting that directly specifies the dose (an effects parameter), because it can accuratelycount the number of ions being implanted per unit time. Nonetheless, it is necessary tohave environment and effects parameters, because equipment is not always so well-designed (suitable feedback mechanisms may not be available) and because it is oftendesirable to simulate a process at an abstract level before equipment has been assignedand settings parameters have been determined.Given the nature of this representation of the process, there are two sources ofinformation concerning how each step should be modeled for simulation: the types ofparameters associated with the step and their values, and the abstract classes into whichthe step has been placed in the taxonomy.The CAFE system developed at MIT [45] attempts to identify the correct way tomodel each step by looking only at the step�s parameters. For example, if the step

5.4. Extracting the DAS representation from DIS91description includes a temperature environment parameter with a high value, and anambient-gases parameter that indicates the presence of an oxidizing agent, then thesystem can conclude that the step should be modeled as an oxidation/diffusion step.This approach requires a fairly high degree of sophistication in the model selectionprocess. The model-selector is essentially an expert system that �understands� enoughabout the simulator and its models, and about semiconductor processing in general, toautomate the conceptual mapping between them.An alternative approach is to rely primarily on the abstract classifications of thestep to indicate the appropriate model. This approach is computationally much simpler:rather than trying to capture the expert�s knowledge about how steps can be modeledwithin different simulators, it merely provides a mechanism by which the expert candirectly specify what model to use for each step by specifying what abstract classes thestep belongs to. Model information is associated with the abstract classes of steps, andinherited to the specific steps in the process representation. Although this approachavoids the problem of encoding the �first principles� knowledge of processes andmodels, it imposes constraints on the form of the step taxonomy. The abstract classes inthe taxonomy have to correspond to the abstractions made by the simulator models.It should be noted that the problem of determining how to model an operationfor a given purpose can be viewed as a classification problem: one wishes to know howthe operation should be classified within the conceptual framework of the givenapplication. Indeed, one way to perform description-based model-selection would be tocreate a KL-ONE [49] type classification taxonomy for the operations understood andmodeled by the application, and use the description to classify the operation relative tothat taxonomy. The alternative approach merely prefers to allow this classification to bedone by hand by the experts who best understand what the operation is intended toaccomplish and how the applications work.These two approaches can be combined in a simple fashion. A classificationscheme can be used to determine the appropriate model for a given simulator except inthose cases where manually-specified model information is inherited from an abstractclass. Also, the model information inherited from an abstract class can be ambiguous,representing several models, and a classification scheme can be used to determine themost appropriate model among them based on the values of the parameters.

92Chapter 5: Process RepresentationWhat abstraction principle provides step classes suitable for the attachment ofsimulation models? In other words, what kinds of abstractions do simulator modelsmake? Three principles can be identified. These correspond to the parameter categoriesdiscussed above.

Wafer-State Transformation: Some simulator models ignore equipment specificsand physical mechanisms, describing operations directly in terms of the nature of theinduced transformation to wafer-state. These correspond to (and are often driven by)effects parameters. Such models group together steps that have similar effects on waferstructure, independently of how such effects are achieved. An example of this might bethe SUPREM model for Etching operations. Independently of whether a wet etch,plasma etch, reactive ion etch or ion milling step is employed, the impact of the etch stepis to partially or completely remove a layer of a given material at the surface of thewafer.

Physical Mechanism: Many simulator models distinguish steps on the basis ofthe dominant physical or chemical process by which the steps achieve their effects.These models are primarily driven by environment parameters, though effectsparameters may also play a role. The SUPREM Diffusion model is an example of this.Most process steps that involve high temperatures, and thus involve diffusion ofimpurities, are modeled by this parameterized class.

Equipment: Finally, some operations involve wafer micro-environments that arenot well-understood or easily described. Such operations are often simulated by modelsthat are equipment-specific and driven by settings parameters, or other equipment-specific information, such as parameters describing machine-state.Wafer-State Transformation models are more abstract than Physical Mechanismmodels, which are more abstract than Equipment models. This suggests that it may bepossible to construct a single taxonomy that employs all three principles in turn. Nearthe root of the taxonomy, the classes would be distinguished on the basis of how Wafer-State Transformation is described. Further down in the hierarchy, the more specializedclasses of steps would distinguish sub-classes on the basis of the Physical Mechanism(how the microenvironment at the surface of the wafer is described). Closer to the leavesof the taxonomy, steps would be distinguished on the basis of Equipment specifics.

5.4. Extracting the DAS representation from DIS93Figure 5.4 below shows a small piece of a potential taxonomy of processing stepsthat follows this principle. The Etch step merely indicates what parameters are used todescribe the effect of performing an etch step: the (possibly selective) removal ofmaterial from the surface of the wafer. Its immediate specializations distinguish betweentwo major physical mechanisms used to accomplish etching, namely Wet Etch and DryEtch techniques. Finally, the most specialized objects in the hierarchy as shown indicatehow plasma etches on specific classes of equipment (AMT and Drytek plasma etchers)are described.

Etch

Wet Etch

Wet Oxide Etch

Wet Nitride Etch

Dry Etch

Dry Etch to Thickness

Dry Etch End Stopped

AMT Dry Etch Timed

Drytek Dry Etch Timed

AMT Dry Etch End Stopped

Drytek Dry Etch End Stopped

Wafer State Effects

Physical Mechanism

EquipmentFigure 5.4 Partial Step TaxonomyThe DAS model of the etch operation is driven partly by effects information andpartly by environment information. Further, it can operate without any environmentinformation, if the effects are sufficiently specified. Thus, by attaching the general Etch

94Chapter 5: Process Representationmodel of DAS to the high-level ETCH step in the process representation taxonomy, itwould be inherited to every etch step in the taxonomy. More specific versions of theDAS etch model, such as END-DETECT-ETCH, could be attached to suitable objectsslightly lower in the taxonomy, overriding the general etch model (but of course,incorporating it through DAS� own notion of inheritance of model descriptions).5.4.2 Process Decomposition and Model SelectionIn addition to organizing steps into a taxonomy, the representation also allows for thehierarchical composition of steps into ever larger modules, until at the root a singleobject represents the entire process.The diagram in figure 5.5. represents what the initial level of decomposition of aprocess might look like.4Near the top of the composition hierarchy, the modules will represent quitecomplex sequences of procedures, and it will make most sense to base their taxonomicclassification on the purpose they serve relative to the overall goals of the process. Thisis indicated by the kinds of names I�ve chosen for these modules.Closer to the bottom of the composition hierarchy, however, things get a littlemessier. Objects which are clearly modules, in the sense that they are composed of othersteps, begin to enter the realm of what might be called steps from a particular viewpoint.

Process

Wafer Preparation

Isolation

Devices

Interconnect

PassivationFigure 5.5 Initial decomposition of semiconductor process plan

4I am indebted to Wes Lucasek (personal communication) for this particular top-leveldecomposition.

5.4. Extracting the DAS representation from DIS95For example, consider the simple situation in figure 5.6. We have a moduleconsisting of an oxidation step followed by an inspection step. From the perspective ofsimulators and for other reasons, it makes sense to consider the oxidation and theinspection as two separate steps. After all, the inspections are not simulated. On theother hand, when it comes to generating a run-sheet, or driving the factory with anelectronic runsheet, there are good reasons for considering the combination of theoxidation and inspection operations as a single step, because the measurements madeduring the inspection (and the instructions for performing them) are to be closelyconnected with the operation that made the structure being measured.

GrowOxide

InspectOxide

Grow&InspectOxideFigure 5.6 CIM versus TCAD notion of �step�Thus, what is a module from one perspective is a step from another.This notion is driven home by the more complicated example in figure 5.7, whichI�ve simplified by removing all inspections, rework loops, etc. Which are the steps,which are the modules, and which are the substeps?Taking the CIM view, we might decide to classify the objects that have shadingbehind them in the figure as steps. Notice that some objects classified as steps arecomposed of other step-like objects, which might be called substeps. Thus, some of thesesteps behave somewhat like modules. For the purpose of generating a runsheet, onemight go further, and classify the �Pattern Resist� operation as a �step.� This is becauseit is frequently the case that the same photolithography procedure is used for everymask, and so it is fully described only once at the beginning of the runsheet. Then,instances of the procedure describe only how they differ from the generic procedure.The initial description of the photolithography procedure is parameterized, and theinstances of it in the process specify the values for those parameters.

96Chapter 5: Process Representation

Figure 5.7: Breakdown of part of Isolation module, showing parts that might be classified as steps from different perspectives.

¥ ¥ ¥

Etch

Strip

Resist

SlowPush

RampUp

Dry Ox

Wet Ox

RampDown

SlowPull

PatternResist

PatternNitride

Isolation

Clean &

Singe

SoftBake

Align &

Expose

HardBake

HF Clean

Singe

Dip

Rinse

Rinse

Align

Spin on

Develop

GrowField Oxide

CIM Steps

Suprem Steps

DAS Steps

5.4. Extracting the DAS representation from DIS97The objects framed by border lines in figure 5.7 indicate operations that might beconsidered steps by the SUPREM simulator. SUPREM does not explicitly model thephotolithography operations of coating the wafer with resist, exposing and developingthe resist, and stripping it off. Instead, it has the concept of a patterned-etch, in whichthe impact of an etch operation is magically confined to those areas of the wafer thatwould be unprotected by resist. Thus, for SUPREM, the �Pattern Nitride� module wouldbe a step: as the application driving the simulation traversed the composition hierarchy,it would want to stop at the level of the Pattern Nitride step and simulate that, withoutbothering to look at the steps that the module is composed of. This means that like steps,some modules must have parameters specifying effects, environment, settings, and soon (in this case only effect parameters are needed). Also, we must be able to associatemodeling information with modules just as we do with steps, and in fact we desire thatthese modules have a place in the step taxonomy so that they can inherit modelinformation as appropriate.SUPREM can be used to model the oxidation step as a single step, or it can beused to model the substeps individually, for greater accuracy. Thus, what we�ve saidabout steps and modules also applies to sub-steps.Finally, those objects containing small black triangles indicate how DAS wouldview the situation. We show this example just to emphasize that not only do simulationand CIM views differ, but there will also be differences among simulators and amongdifferent ways of using simulators.If each application made different decisions regarding where module boundaries lay,then it would be very difficult to extract a reasonable abstraction of the process for theapplication from the central representation. The rationale used by each application foraggregating steps and modules into larger modules would have to be codified so that thisaggregation could be carried out automatically. However, thus far it has been our experiencethat, although different applications have different views regarding what constitutes an atomicoperation, it is possible to construct a single system of aggregations that satisfies allapplications. With a sufficiently detailed and carefully designed system of aggregations, theapplications only disagree as to the granularity of the representation, and each can find

98Chapter 5: Process Representationaggregates in the composition hierarchy that correspond to their individual notions of atomicoperations.The fact that different applications will treat modules at different aggregationlevels as steps is an argument in favour of a uniform mechanism for composition thatdoes not distinguish between modules, steps and substeps. Rather it should allow thisdistinction to be made by each application according to its own need. In particular,modules should be capable of having descriptive parameters, and should participate inthe same taxonomic hierarchy as steps, so that they can inherit modeling information.Moreover, it should always be possible to refine the description of a �step,� byindicating that it can be further decomposed.5.4.3 A Simple Approach to Model SelectionIn this subsection we assume that steps are organized into a taxonomic hierarchyaccording to a succession of principles: Wafer-State Effects fi Physical Mechanism fiEquipment Specifics, and that the distinction between modules, steps and substeps isleft to individual applications to make. We describe a simple, flexible mechanism bywhich appropriate models for process steps can be selected for each application.We illustrate the mechanism by indicating how a specific application, the DASqualitative simulator, would be added to the repertoire of applications supported by theprocess representation.The first step is to add a new parameter to STEP objects. The name of theparameter is immaterial, as the parameter will be accessed solely by the domains towhich it belongs. However, a name appropriate to the use of the parameter wouldconsist of the name of the application concatenated with the word MODEL, separated bya hyphen. In our case the parameter could be called DAS-MODEL. It may be necessaryor convenient to be able to attach more than one such parameter to the same step object,in which case the names might be distinguished by a concatenated number. Theseparameters are indicated as belonging in the domains DAS and MODEL, and perhapsalso others, such as SIMULATOR. The default value of any such parameter indicated onthe most general STEP object is NULL, which value is interpreted as specifying that nomodel applies.

5.4. Extracting the DAS representation from DIS99Next, a taxonomy of MODEL-OBJECTs (in our case DAS-MODEL-OBJECTs) iscreated. This taxonomy contains objects representing every DAS process step model.The organizing principle for this taxonomy derives from the most appropriateabstraction principles applicable to models of the application. For any simulator, thismay parallel somewhat the abstraction principles used to organize the taxonomy ofprocess step objects. However, it will not likely duplicate it completely. For the DASsimulator, the taxonomy would reflect the organization indicated in figure 4.5 of theprevious chapter.It is intended that the objects in this MODEL-OBJECT taxonomy are suitablevalues for the <application>-MODEL (e.g. DAS-MODEL) parameters in the step objects.An abstract (non-leaf) object in this taxonomy would be assigned as the value of themodel parameter when it is desirable to indicate that the choice of model is ambiguous.In such a situation, the specializations of the model-object should represent possibleresolutions of the ambiguity.Another way to indicate an ambiguous choice of model is to have more than onemodel parameter for the same application on the step object for which ambiguousassignment is desired, with each such parameter indicating a possible resolution of theambiguity. In either case, the idea is to allow a parameterized class of process steps tohave an ambiguous model assignment. On specializations of these steps, which inheritthe ambiguous model assignment, the ambiguity is resolved by examining the values ofthe step�s parameters that distinguish the specific subclass to modeled.The value(s) of the model-parameter(s) is(are) specified for each step object.Hopefully, the organization of the step object taxonomy is such that it is only necessaryto make this manual specification for a small number of abstract step objects. Thosevalues can then be inherited automatically to more specialized step objects.Next, it is necessary to indicate which parameters on step objects are pertinent tothe application that is attempting to model the step. This is accomplished by having adomain name specific to each application, and indicating that the pertinent parametersbelong to that domain. In our case, the parameters on step objects that containinformation needed by the DAS simulator would be indicated as belonging to the DASdomain.

100Chapter 5: Process RepresentationThe precise content of the application MODEL-OBJECTs is a matter of taste. TheMODEL-OBJECT should contain sufficient information to enable the application toprocess any step for which the model-object is the model-parameter value. Thejudgment to be made concerns how much information can/should be declarativelyrepresented in the SPR server (and thus made accessible to other applications), versushow much must/should be represented only in the application itself.In the case of the DAS simulator, the models are qualitative statements in adeclarative language. It is therefore easy to incorporate the complete model in themodel-object held in persistent store in the DIS server. The advantage of doing so is thatthe model is accessible to other applications, such as a process specification system.Being able to see precisely how a model will treat a given step facilitates the modelassignment decision. The disadvantage of this approach is the inefficiency of having tofetch the model across the network and reinterpret it each time it is used.For other simulators, such as SUPREM, the models are embedded in theapplication in the form of compiled code. For inspection purposes, the model-objectcould at best contain a redundant description of the mathematical model that is soembedded.At a minimum, the model-objects should contain three types of information:1.an indication of the model to be applied, whether by name, or description;2.indications of how parameters of the step object map into the parameters of themodel (this is at least a mapping between parameter names, but might alsorequire an indication of mathematical relationships: for example, change in unitof measure);3.additional information required by the model that is not expected to be presentin the process representation (for example, specification of the time step orgridding technique for a finite element type simulator).An application driven by a representation of the process would extract thatrepresentation by a variant of the following procedure.The application would �walk� the decomposition tree of the process, examiningeach object in turn, starting with the highest level module. For each object, theapplication would request from DIS a list of all parameters that belong in the domain ofthe application. If there are none and the object is a module, the application would

5.4. Extracting the DAS representation from DIS101proceed by asking for the substeps of the module and treating each returned object inturn. If there are no application domain parameters and the object has no furtherdecomposition, then the object represents a step that did not inherit any modelinformation. The application has two choices at this point: either it can decide that suchsteps are to be ignored (as, for example, cleaning steps would be ignored by a numericalsimulator); or that the appropriate model for the step must be determined by some othermeans, such as a classification procedure.If the object is a module and does have a model parameter for the application,then the application again has two choices: it can choose to process the object as if itwere a leaf in the decomposition hierarchy; or it can decide to continue down thedecomposition hierarchy. The existence of a model associated with the module indicatesthat the module can be treated as a step, but does not require it to be treated as a step.This choice would be based on criteria specific to the application and/or the invocationof the application. For example, the application could keep track of photolithographymodules it has processed. The first time a photolithography module is processed itwould be expanded into its constituent substeps, despite having a model at the modulelevel. The next time the same module is encountered, the module would not beexpanded, and the module-level model would be invoked. In this way, a run-sheetgenerator could arrange to expand the details of each photolithography module onlyonce, and refer to these expansions when the same modules are used additional times.As another example, a �wrapper� for the SUPREM simulator could decide, based onpreferences indicated by the user invoking the program, whether furnace steps are to besimulated as monolithic steps or whether their equipment substeps should be separatelysimulated.As mentioned in the previous subsection, the model information associated witha process object might be ambiguous in two different ways. More than one modelparameter for the same application might have been inherited. Also, the model objectthat is the value of a model parameter might be an interior node in the modelspecialization hierarchy, representing an abstract model for which there are severalspecializations to choose from. Different applications might treat these situationsdifferently.The existence of multiple models might require that the application decide whichis most appropriate, or it might require that all models be invoked. For example, a

102Chapter 5: Process Representationsimulator that could simulate oxidation and diffusion, but not their interaction, might beset up to treat an oxidation-enhanced-diffusion step as two steps performed in eitherorder: an oxidation step and an independent diffusion step. The OED step would haveboth the oxidation and diffusion models associated with it for this simulator, and bothwould be invoked. In most cases, however, the application would be designed to selectthe most appropriate model based on further examination of the characteristics of thestep.Similarly, the abstract model situation may be handled differently by differentapplications. For some applications, the abstract model can be invoked directly. Forothers, the application will have to decide which of the specializations of the model ismost appropriate based on the characteristics of the step.In the simplest scenario, only process objects with a model parameter areprocessed, each such object has or inherits only one model parameter in the domain ofthe application, and that model has no specializations. Then the existence of a modelparameter serves to decide whether modules are expanded and whether steps areprocessed, and the value of the parameter indicates how the object should be processed.However, as the discussion above indicates, using this mechanism does not precludeemploying more sophisticated techniques to solve the model selection problem.5.4.4 Implementation of Model SelectionIn this subsection we describe how the model selection task was implemented for theprocess representation defined by the Specification Editor developed at Stanford byRobert Hartzell.A simple version of the model selection process described in the previoussections was implemented in a pass-through server that provides read-only language-independent DSL level access to the representation. This server is called the

Language

Independent

Semiconductor

Process

Representation

Server (LISPRS). This server iswritten in C++ so that it can directly employ a C++ API created to facilitate access to therepresentation by programs written in C++. Figure 5.8 illustrates the scenario. TheLISPRS server accepts commands in a Specification Editor-specific DSL language, andemploys the C++ API to translate them into AOI calls on the representation as stored inDIS.

5.4. Extracting the DAS representation from DIS103

LISPRS(C++ API)DAS(or othernon-C++application)DIS

AOISpecEdit DSLFigure 5.8 Language-Independent Semiconductor Process Representation ServerThe principal command provided by the LISPRS read-only pass-through serveris called �WALK-MODULE.� This command traverses the composition hierarchy of amodule, collecting into a list all steps that have parameters belonging to a specificdomain, along with the names and values of those parameters. By this method, aflattened description of the process representation filtered for use by a specificapplication is fetched in one step, rather than being fetched incrementally. It allows forefficient access of the module structure without the need of complex cache managementin the pass-through server.The Specification Editor makes a high-level distinction between Modules, Stepsand Equipment-Substeps. Modules can be composed only of other modules and steps.Steps must be atomic, or composed of Equipment-Substeps. Equipment-Substeps mustbe atomic. The representation currently only permits model information to be associatedwith objects that represent Steps. When a step has no model associated with it, eitherdirectly or via inheritance, the LISPRS server does not include the step in the flatteneddescription. This implies that the policy regarding such steps is that they are not to beprocessed, rather than that some other mechanism should be invoked to determine themost appropriate model. Note that one could implement the alternate policy byassociating the application�s root model-object with every step object as a default modelvia inheritance. Then every step would appear in the list, and the root model-objectwould be a highly ambiguous model assignment to be resolved by other means.Currently, the DAS simulator associates at most one model-object with each step,and the model-object associated is not abstract. Thus, there are no ambiguous modelassignments.

104Chapter 5: Process RepresentationThe flattened description returned by the LISPRS WALK-MODULE command isa list, with a sublist for each step to be simulated. The sublist for each step contains thename of the step and the names and values of each parameter marked as being in theDAS domain, including the unique model-parameter with the name of an unambiguousmodel-object as value.From this list, a process specification suitable for DAS is constructed. For eachstep, an expression similar to that in figure 5.2 is generated from information in thesublist for that step and information in the model-object. The name of the model-objectserves as the name of the process being simulated, e.g. OXIDATION. The name of thestep object serves as the name of the interval.The model-objects have a slot for each of the parameters that might appear on astep they are associated with that are relevant for the simulation of the model. The valuestored in each of these slots is a parameter-translation expression indicating how the valueand other attributes of the step parameter should be presented to the simulator. Theexpressions take the form of constraints for the simulator written in the lisp �backquote�syntax. For example, the DAS-ETCH model-object has a slot called �Chemical Bath�because some of the etch step objects (in particular the WET-ETCH% objects) with whichthis model-object can be associated have parameters with this name. The value of theslot is the string:"‘(called $etchant ,value)".The backward quote (‘) indicates that the expression, when it is read by the lispreader and evaluated, should be taken �as is,� i.e. not evaluated, except thatsubexpressions within the expression preceeded by a comma should be evaluated andreplaced in the expression by their value. This string is fetched during the processing ofthe description of an etch step object, read by the lisp reader, and evaluated in a contextin which the symbol VALUE is bound to the value of the step�s �Chemical Bath�parameter. This produces a constraint that will be passed to the simulator of the form,e.g.:(CALLED $ETCHANT |6:1 Buffered HF|)which states that the $ETCHANT parameter of the DAS-ETCH model is that ETCHANTcalled |6:1 Buffered HF|.

5.4. Extracting the DAS representation from DIS105The parameter-translation expression can access attributes of the parameter, aswell as its value. For example, the �Time� parameters of oxidation and diffusion stepsare translated by the string:�‘(N= $duration ,(minutes value (attribute units)))�.In this expression, the subexpression following the comma is a lisp S-expressionthat calls the function MINUTES (a function that converts times to minutes) with twoarguments. The first argument is the value of the symbol VALUE (which is bound to theparameter�s value). The second argument is the value of the form (ATTRIBUTEUNITS). In the context in which the evaluation takes place, ATTRIBUTE is a macro thattakes the name of an attribute and returns the value that the parameter has for thenamed attribute. The resulting constraint passed to the simulator specifies that themodel�s $DURATION parameter is numerically equal to the value of the step�s parameterexpressed in minutes.More complicated translations are possible and necessary. For example, someetch steps have a parameter called �Etch Material.� The import of this parameter isthat the etch step is intended to etch this material, whatever other materials it mightetch. The simulator is informed of this by the following parameter-translation string:"‘(for-all-existing $l \\: layer-region˚(start-of (process interval))˚˚˚(:=> (is-type ,value˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(@ (material $l) (start-of (process interval))))˚˚˚˚˚˚˚˚(> (etch-rate $l (process interval)) 0.0)))"This states that if the material type of any layer-region is the value of the step�s�Etch Material� parameter, then the etch-rate for that layer-region is positive.There are two possible ways to deal with the issue of additional constraints. Oneis to associate the constraints with the step object in the process representation, byhaving a DAS-CONSTRAINT parameter in the DAS domain whose value simply liststhe constraints. The other is to create specialized versions of the model-objects andassociate the constraints with these specialized model-objects. The former techniqueputs information into the general process representation that is highly specific to oneapplication, the DAS simulator. It can be argued that the information is potentially ofgenuine interest to many applications, as it pertains to the goals and expected outcomeof performing the step. However, the language used to represent the information is per

106Chapter 5: Process Representationforce highly DAS-specific. The latter approach would lead to a proliferation of model-objects that differed only in the particulars of context-specific constraints. Manyconstraints are specific to the context in which a step is used within a process.My own preference and recommendation is to use both approaches. Aspecialized model-object should be constructed when the constraints to be representedcan be written in a general fashion, so that the model-object can model a class of steps inmultiple contexts. Constraints that are highly context-specific should be associated withthe invocation of the step within a module. That is, constraints should migrate from thestep object to the model-object when they define a natural class of steps, and this wouldgain efficiency by avoiding repetition.There is one additional issue that we have not so far discussed. That is theextraction of mask information from the process representation. Each photolithographymodule contains a mask-expose step, for which the specific mask to use is a parameterthat must be specified in the module. Several things complicate this issue. First, eachdifferent application may require different information concerning the mask. A CIMelectronic runsheet system requires an identification of the glass reticle that is to be usedin the fabrication facility. A scheduling system need only be made aware of the numberand identity of copies of these reticles available. Simulators require that the geometry ofthe mask be represented electronically. Furthermore, simulators with differentcapabilities require different versions of the geometry. A one-dimensional simulatormerely needs to know whether the mask is opaque or transparent in the region beingsimulated. A two-dimensional simulator needs to know the one-dimensional maskinformation along the cut-line whose cross-section is being simulated. The DASsimulator falls into this category. Finally, a three-dimensional simulator requires thegeometry of the mask in two-dimensions for the structure being simulated.Second, semiconductor processes are often employed to manufacture more thanone product. Also, there will in general be more than one structure, cut-line or region forsimulators to simulate. For each product there will be a distinct set of reticles to be used.For each structure, cut-line or region to be simulated, there will be a distinct set of maskdescriptions.Finally, the masks define circuits and structures. Although these must bedesigned with a specific class of manufacturing process in mind, the development of

5.4. Extracting the DAS representation from DIS107processes and masks are independent from the perspective of version tracking andconfiguration management.For these reasons, the �mask� parameter in the mask-expose steps cannot specifythe mask information directly. Instead, the parameter must identify this informationindirectly, by specifying a �mask layer.� The SPR server must represent masks andmask-sets as independent design objects, and allow for different classes of these objectsthat specify the information needed by different classes of applications.These issues are discussed at greater length in [9]. That paper includes asuggestion regarding the protocol to be used for creating and accessing maskinformation. The ideas presented in that paper were adopted to a large degree by theSpecification Editor. However, the Distributed Information Server (DIS) has as yet madeno commitment regarding the representation of mask information. In particular, theDomains Specific Language (DSL) for the semiconductor domain was not augmented toimplement a version of the suggested protocol.For the purposes of this work, we developed lisp functions that invoke theAbstract Object Interface protocol to implement our suggested DSL protocol for maskinformation on the client (application) side of the client-server boundary.

Chapter 6. Architecture for IntegrationIn previous chapters the strengths and weaknesses of representations of bothexperiential and theoretical knowledge have been discussed. In this chapter we make theargument that these strengths and weaknesses are complementary for the two types ofknowledge. To emphasize the complementary character of the two types of knowledge,we introduce the concepts of Phenomena Scope and Situation Scope as two dimensionsalong which knowledge representations can be classified.We then present a key contribution of this work, which is one particularapproach to combining experiential and theoretical knowledge that we call GenericRules. Generic rules enable a synergistic interaction between experiential knowledgeand theoretical knowledge, capturing the strengths of both.6.1. Phenomena Scope and Situation ScopeLet us briefly review the strengths and limitations of both forms of knowledge. Forexperiential knowledge, represented in heuristic rules or causal associations, a majorstrength is flexibility. Any phenomenon of interest can be included, provided only that itcan be named, and that it can be related to other phenomena, at least in some particularcontext. It is not necessary to capture all ways that it might relate to other phenomena:partial descriptions can be of use.The primary limitation of experiential knowledge is brittleness, defined as theinability to adapt knowledge encoded for one context to another context. Therepresentation of a causal relationship between two phenomena often does not representhow that relationship is mitigated by other factors. When a change in context entails achange in such other factors, the represented relationship may be invalidated. However,there is no way to tell. Furthermore, the lack of a general mechanism for expressing howclasses of concepts are interrelated leads to the use of overly-specific terms. This undulyrestricts the applicability of relevant knowledge in a new context: the relevance of theknowledge to the new context might not be recognized. In both cases, alleviating the

6.1. Phenomena Scope and Situation Scope109problem requires representing knowledge of the domain with greater detail, at a finerlevel of granularity.The chief advantage of theoretical knowledge is a reduction in brittleness. Moreof the factors that influence the relationships among phenomena are explicitlyrepresented. Moreover, the effect of changes in these factors can often be predicted.Thus, representations of theoretical knowledge can be applied to a wider range of newcontexts with a greater degree of confidence.As we concluded in Chapter 4, the main limitation of our representations oftheoretical knowledge is that they do not treat all phenomena. It is a feature of themodels used in model-based techniques that they only represent a subset of the domain:the subset is chosen so as to concentrate reasoning on those features and phenomena inthe domain that are relevant to the problem-solving task. The trade-off is to accept arestriction in the scope of the problems that can be solved in order to achieve tractabilityand efficiency in solving them. This restriction in scope is not only desirable, butnecessary: we can only model some phenomena properly if we adopt a very fine-grained ontology that has a severe impact on computational complexity; we have not yetdevised satisfactory ways to model some other phenomena; and we do not understandstill other phenomena sufficiently to model them at all. Our understanding ofphenomena and our understanding of how best to represent and reason aboutphenomena will both increase over time. However, it will always be case that somephenomena lie outside the reach of our either our theoretical understanding or ourrepresentation and reasoning ability.For illustrative purposes, we define two terms: phenomena scope and situationscope. The term phenomena scope is meant to be a measure of the flexibility of aknowledge representation paradigm. It is a count of the number of phenomena that canbe usefully captured within the paradigm. Rule-based systems that encode experientialknowledge tend to have high phenomena scope: many different phenomena can beincluded in the representation, because very little detail concerning each phenomenonneeds to be encoded. Representations of theoretical knowledge, on the other hand,attempt to encode a larger amount of detail concerning each phenomenon, sufficient toconstitute a predictive model of how the phenomenon relates to other phenomena inmany different contexts. The difficulties involved in creating such representations often

110Chapter 6: Architecture for Integrationlimit the range of phenomena that can be captured. Systems based on representations oftheoretical knowledge thus tend to have low phenomena scope.The term situation scope is meant to be a measure of the robustness of aknowledge representation paradigm. It is a count of the number of distinct situations orscenarios � what I have been referring to as contexts � for which the knowledge can beconsidered to be valid. As we have noted above, systems based on representations ofexperiential knowledge tend to be brittle. The physical mechanisms underlying theheuristic associations in such systems are often not represented with sufficient detail toenable the system even to determine whether the associations are valid in a new context,much less how their conclusions need to be modified for the new context. In contrast,theoretical knowledge often takes the form of predictive models that explicitly representthe physical mechanisms underlying behaviour. Such systems therefore tend to have arelatively high situation scope.

Phenomena ScopeSituation Scope

Experiential knowledgeTheoretical knowledge

Ideal

Figure 6.1 Graph of Phenomena Scope vs. Situation ScopeFigure 6.1 depicts phenomena scope and situation scope as two orthogonal axesdefining a two-dimensional space of potential reasoning systems. As shown in thefigure, systems based on experiential knowledge cluster in the upper left portion of the

6.1. Phenomena Scope and Situation Scope111quadrant, having high phenomena scope but low situation scope. Systems based ontheoretical knowledge cluster near the lower right portion of the graph, having highsituation scope but low phenomena scope. The ideal system would fall in the upperright hand portion of the graph: capable of representing many phenomena of interest asthey occur and behave in a wide variety of situations.We have defined these two ways of characterizing knowledge-based systems inorder to highlight the fact that our two fuzzy categories of knowledge, experiential andtheoretical, and their respective representations, high-level heuristic rules and models,have complementary attributes with respect to these characteristics. The weakness ofone is the strength of the other, and vice versa. It is therefore natural to contemplatemethods for incorporating both into a single system, in a manner that would allow thestrengths of each to overcome the weaknesses of the other.6.2. Generic RulesA key contribution of this work is the identification of one such method for thesynergistic integration of these two forms of knowledge. The instrument of the methodis a representation we call the Generic Rule.The intent of a generic rule is to represent a piece of knowledge concerning aphenomenon that lies outside the scope of the available representations of theoreticalknowledge in a manner that preserves some of the robustness conferred by suchrepresentations. The generic rule accomplishes this by combining the features of bothexperiential and theoretical knowledge representations.The generic rule, like the rules normally employed to represent experientialknowledge, is a high-level heuristic association between characteristics of a situation andconclusions that might be drawn concerning that situation. It differs from an ordinaryrule in that it employs the vocabulary and reasoning machinery of a representation oftheoretical knowledge in order to explicate, to the degree that the theoretical knowledgeis capable of doing so, how the inference sanctioned by the rule depends on contextualinformation. A generic rule represents a general pattern for a class of heuristic rules thatcan be instantiated for a given context.

112Chapter 6: Architecture for IntegrationLet us illustrate with an example. In Chapter 3 we introduced the example of acausal association found within the AESOP PIES knowledge base. We repeat theassociation here:POLY-GATE-UNDER-ETCH fi CHANNEL-LENGTH-LONG.¥ Experiential representation is not robust:In our discussion of this example we noted that this association is not robust,because its validity depends on a series of relationships holding among the steps of themanufacturing process and the structures on the wafer, which are not explicitlyrepresented in the association. We also noted that the terms employed in the associationwere overly specific, to compensate for the fact that the PIES representational machineryoffers no mechanism for determining in general which etch operations are causallyinvolved in the shaping of which structures on the wafer.¥ Theoretical representation cannot capture phenomena involved:Our representation of theoretical knowledge described in Chapter 4 provides amechanism for representing some of the information that is missing: which etchoperations affect which wafer structures. Further, it provides a mechanism fordetermining this information from a representation of the manufacturing process.However, the phenomenon at work in this causal association lies outside the scope ofthe phenomena that can be captured in our models. The phenomenon involves lateraletching and sloping sidewalls, an inherently 2-dimensional geometric feature. Ourmodels do not admit any lateral effects of processing, and our representation of waferstructure, though topologically 2-dimensional, is geometrically only 1-dimensional.Thus, our causal association representation of experiential knowledge canrepresent the phenomenon, but not in a robust fashion, and our model-basedrepresentation of theoretical knowledge cannot capture the phenomenon.

6.2. Generic Rules113¥ Phenomena can be captured robustly in Generic Rules:We can eliminate the overly specific terms in the causal association byintroducing variables. Denoting variable names with a �$� prefix, the new, more generalrule would read:($etch-step UNDER-ETCH)fi($wafer-structure LONG).Treating the variables as universally quantified, the rule can now be applied toany process by instantiating the variables with etch steps and wafer-structuresassociated with that process. Note that the process representation lists all etch steps, andthe representation of wafer structure computed by the Discrete Action System providesmany possible candidates for the overly-long wafer structure. The DAS system alsoprovides the machinery necessary for finding instances of such general statements.The difficulty with this approach is that the general rule will have many invalidinstantiations. For example, one instantiation might posit a causal relationship betweenunder-etching during the �via� etch step and excessive length of the bipolar transistor�scollector region, whereas such a relation is highly improbable, if not impossible.However, we can attempt to eliminate invalid instantiations by specifying constraintsthat must be satisfied by the objects substituted for the variables. Here it is important tonote that, while it is not possible to capture the phenomena addressed by the originalrule in the DAS representations, it is possible to use the DAS representations to describemost of the conditions that must be satisfied in order for those phenomena to occur.DEFINITION: A Generic Rule is general pattern for a heuristic rule, employing variableswithin the normal syntax for heuristic rules (in our case, causal associations), togetherwith a list of constraints that must be satisfied by potential values for the variables. Thevocabulary, syntax and reasoning machinery employed for theoretical reasoning is usedto specify the constraints and to determine whether they are satisfied within a givencontext.Figure 6.2 illustrates the syntax for specifying a generic rule. A Generic Rule isitself a rule of the form �IF <conditions are met for bindings of variables> THEN <positrule-patterns with variable bindings substituted>.� However, the subject matter of therule is the formation of another rule. Thus, a Generic Rule might be considered a �meta-

114Chapter 6: Architecture for Integrationrule.� However, the term meta-rule is reserved for rules concerned with control strategyduring reasoning. Since a generic rule describes an entire class of potential rules, weprefer the adjective �generic,� in its sense: �descriptive of an entire group or class.� 5(defGenericRule <rule-name>

˚˚:variables ((<var> <type>) (<var> <type>) �)

˚˚:conditions (<condition 1> <condition 2> �)

˚˚:rule-patterns (�))

Figure 6.2 Syntax for Generic RuleThe conditions necessary for the phenomena involved in our example rule arelisted in Chapter 3. Let us examine them each in turn.The first condition concerns the degree of anisotropy of the etch step. Theexample original rule concerns the relationship between the length of an etch step andthe �horizontal� length of a physical structure. Thus, a necessary condition for thephenomenon to occur is that the etch step in question involve lateral etching. The DASmodels cannot determine when an etch step will involve lateral etching. However, it isreasonable to require that the process specification (the manufacturing plan) include thisinformation, either directly or indirectly. In an object-oriented process representationsystem, the degree of anisotropy expected can be one of the traits by which etch stepsare classified, so that this trait can be specified for abstract etch steps and inherited tospecific etch steps. The Specification Editor process representation currently includes aparameter call �ETCH-ANGLE� that is intended to capture the degree of anisotropy byspecifying the expected angle of the sidewalls. The test for the first condition can beexpressed as an ordinal relation between this etch-angle parameter and a suitablethreshold (beyond which the lateral etching is considered insignificant). Thus, the firstcondition can be written:;; Condition 1:(:AND (is-type (process $etch-step) etch)˚˚˚˚˚˚(< (ETCH-ANGLE $etch-step) ANISOTROPY-THRESHOLD)).

5American Heritage Dictionary � Standard Edition

6.2. Generic Rules115The second condition is that the etch operation is masked. This condition isdetermined by the state of the wafer when the etch step is executed: are some parts ofthe wafer covered with a material that doesn�t etch well and other parts not? The state ofthe wafer at given points in the process, and the impact of each etch step on thematerials at the surface of the wafer is determined in the course of qualitativelysimulating the manufacturing plan using the DAS models. Thus, this condition can beexpressed and tested within DAS. There are many ways this condition might beexpressed. Since we wish to identify the layer-region that is laterally etched, thecondition might best be expressed from the perspective of this layer-region. Thecondition can be simply expressed as the conjunction of two conditions: that the layer-region survives the etch step, and that the layer it belongs to is changed by the etch step(i.e. some layer-regions in the layer do not survive the etch step):;; Condition 2 (first version):(:AND˚˚(:NOT (destroyed $wafer-structure (end-of $etch-step)))˚˚(member (@ (layer $wafer-structure) (end-of $etch-step))˚˚˚˚˚˚˚˚˚˚(changed-layers $etch-step)))However, we can be more specific than this. If the layer-region is to be etched onboth sides, it must be a layer-region that survives the etch step, for which the layer-regions in the same layer in adjacent regions are destroyed:;; Condition 2:(:AND˚(:NOT (destroyed $wafer-structure (end-of $etch-step)))˚(exists $wr : wafer-region˚˚(:AND˚˚˚(V= (@ (region-type $wr) (end-of $etch-step))˚˚˚˚˚˚˚(@ (region-type $wafer-structure) (end-of $etch-step)))˚˚˚(exists $lr e (@ (layer $wafer-structure)˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(start-of $etch-step))˚˚˚˚(:AND˚˚˚˚˚(V= (@ (region-type $lr) (start-of $etch-step))˚˚˚˚˚˚˚˚˚(@ (region-type (left $wr)) (start-of $etch-step)))˚˚˚˚˚(destroyed $lr (end-of $etch-step))))˚˚˚(exists $lr e (@ (layer $wafer-structure)˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚(start-of $etch-step))˚˚˚˚(:AND˚˚˚˚˚(V= (@ (region-type $lr) (start-of $etch-step))˚˚˚˚˚˚˚˚˚(@ (region-type (right $wr)) (start-of $etch-step)))˚˚˚˚˚(destroyed $lr (end-of $etch-step)))))))

116Chapter 6: Architecture for IntegrationThe third condition, that the duration of the step is normally longer than thatrequired to etch through the material in order to effect lateral etching, is easily expressedwithin DAS. Furthermore, that the condition is satisfied for a given etch step is likely tobe specified directly as a constraint in the process specification. Once again, we expressthe condition relative to the layer-region that is being laterally etched:;; Condition 3:(exists $lr e (@ (layer $wafer-structure) (start-of $etch-step))˚˚(> (duration $etch-step)˚(etch-destroy-time $lr $etch-step)))At this point we should note that the original rule combined the results of twodistinct phenomena: lateral etching and masking an implant with the structure that wasetched. It would have been better expressed, even in PIES, as two rules: an interlevelassociation between under-etching during the POLY-GATE-ETCH step (Process level)and increased length of the POLY-GATE structure (Physical-Structure level) and anintralevel association at the Physical-Structure level between the increased length of thePOLY-GATE structure and the resulting increase in CHANNEL-LENGTH. The tworules would be expressed in PIES as follows:POLY-GATE-UNDER-ETCH fi POLY-GATE-LONGPOLY-GATE-LONG fi CHANNEL-LENGTH-LONG.A generic rule for the interlevel association would take the form indicated infigure 6.3.(defGenericRule Insufficient-Lateral-Etch

˚˚:variables

˚˚(($etch-step dynamic-interval)

˚˚˚($wafer-structure layer-region))

˚˚:conditions

˚˚(<Condition 1> <Condition 2> <Condition 3>)

˚˚:rule-patterns

˚˚((($etch-step UNDER-ETCH) -->

˚˚˚˚((width $wafer-structure) high))))

Figure 6.3 Interlevel Generic Rule for POLY-GATE-UNDER-ETCH exampleThe fourth condition, that the process is self-aligned, applies only to the second,intralevel rule. The condition must indicate that in some areas the implantation ismasked by a structure on the wafer other than photoresist. Figure 6.4 illustrates one wayto encode this condition and the generic rule for the intralevel association. Although thecausal association requires only two variables, for the two structures involved, it is

6.2. Generic Rules117necessary to include a third variable identifying the implantation step by which the twostructures are interrelated. The two structures are correctly identified if the maskingstructure is at the surface of the wafer in the same regions as the masked structure and isnot photoresist, both structures are in layers affected by the same implantationoperation, and the masked structure is not itself modified by the operation.(defGenericRule Structure-Masked-Implant

:variables

(($implant-step dynamic-interval)

($masking-structure layer-region)

($masked-structure layer-region))

:conditions

(;; The step is an implantation operation

(is-type ion-implantation (process $implant-step))

;; The masking structure is at the wafer surface in the same region-type

;; as the masked structure.

(V= (@ (surface (region-type $masked-structure))

(start-of $implant-step))

$masking-structure)

;; The masking structure is not photoresist

(:NOT (is-type photoresist

(@ (material $masking-structure)

(start-of $implant-step))))

;; The layers that the masked and masking structures belong to are both

;; affected by the operation

(member (@ (layer $masked-structure) (start-of $implant-step))

(new-layers $implant-step))

(member (@ (layer $masking-structure)(start-of $implant-step))

;; The masked structure is not implanted.

(> (ion-bottom (@ (region-type $masked-structure)

(@ (top-pos $masked-structure) (start-of $implant-step))))

:rule-patterns

((((width $masking-structure) HIGH) -->

˚˚˚˚˚((width $masked-structure) HIGH)))))

Figure 6.4 Intralevel Generic Rule for POLY-GATE-UNDER-ETCH exampleNote that both rules refer to the widths of structures being too �high.� We couldhave written the rules in terms of the lengths of structures being too long. However, inthe general case we do not know a priori whether the dimension in question is a width ora length. Within the ontology of DAS, all lateral dimensions are widths. Whether thelateral dimension of a particular structure is considered a width or a length depends onthe conventions for the device of which the structure is a part, and on what theorientation is of the simulated cut-line relative to the standard orientation of the device.In the case of the POLY-GATE example, the lateral dimension in question is considered

118Chapter 6: Architecture for Integrationa length because this is the dimension along which current will flow through the device.If the cut-line cuts the device longitudinally�along the path between source anddrain�then the width of the layer-region in DAS representing the gate corresponds tothe �length� of the gate. Similarly, the silicon layer-region below the gate is the channel,and if the cut is longitudinal then the (DAS) width of this layer-region corresponds tothe CHANNEL-LENGTH. To recover the rules precisely, a concept classifier is needed.The concept classifier must have sufficient knowledge to recognize when a structure, asit is described in DAS, corresponds to a named device feature. The concept classifier isdescribed in the section on system architecture below.

Phenomena ScopeSituation Scope

Experiential knowledgeTheoretical knowledge

Ideal

Impact ofGeneric Rules

Figure 6.5 Impact of Generic Rules in Phenomena/Situation scope space6.3. Impact of Generic RulesWe can view the impact of generic rules in several ways.From the perspective of systems based on experiential knowledge, generic rulesprovide a mechanism for using model-based techniques to increase the robustness ofheuristic rules, by representing what is known theoretically about when and where thephenomena of interest in each rule can be expected to occur in new situations. From thisperspective, generic rules have the impact of increasing the situation scope of

6.3. Impact of Generic Rules119experience-based systems. This is represented by the arrow pointing to the right infigure 6.5.From the perspective of systems based on theoretical knowledge, generic rulesprovide a mechanism for encoding partial knowledge about phenomena that wouldotherwise lie outside the scope of the represented theory. From this perspective, genericrules have the impact of increasing the phenomena scope of theory-based systems. Thisis represented by the arrow pointing upward in figure 6.5.In each case, the addition of generic rules moves the system closer to the ideal.A third way to view Generic Rules is to note that they form a mechanism bywhich experiential and theoretical knowledge can be combined in a synergistic fashionto accomplish what neither alone can accomplish: robust codification of heuristic andtheoretical knowledge about a wide range of phenomena.6.4. System ArchitectureFigure 6.6 illustrates, as a data-flow diagram, the architecture that supports integrationof theoretical knowledge and experiential knowledge using generic rules. The rounded-corner rectangles represent collections of data of varying kinds. The square-cornerrectangles represent computations. Arrows from data rectangles to computationrectangles represent that the data are inputs to the corresponding computations. Arrowsfrom computation rectangles to data rectangles represent that the data are outputs of theindicated computations.The Language Independent Semiconductor Process Representation Server(LISPRS), described in Chapter 5, extracts a representation of the manufacturing planfrom the Distributed Information Server (DIS). This representation of the plan, includingmask information, and the process models serve as inputs to the Discrete Action System(DAS), which assimilates the plan by qualitatively simulating it. The output of thiscomputation is represented in the diagram as a �Dependency Graph,� because its mainpurpose is to serve as a repository of information regarding the causal dependencies inthe plan. However, it also includes complete historical information regarding what thewafer structure looked like at various points in the process (specifically at eachprocessing step interval boundary), when changes were made to the wafer structure and

120Chapter 6: Architecture for Integration

Diagnoses

DependencyGraph

Viewer

SpecificRules

SituatedRules

GenericRules

RuleInstantiator

PIES

Observations

(From Parametric Test,Merlin,In-process Tests)

DASSimulator

ProcessModels

LISPRS

ProcessSpecification

ConceptClassifier

FeatureConcepts

Figure 6.6: Architecture for Integration Using Generic Rules

6.4. System Architecture121why, and what the sequence of processing was. Thus, a Viewer can display the waferstructure at the end of each step and respond to queries, as described in Chapter 4.The Dependency Graph and a knowledge base of Generic Rules form the inputsto the Rule Instantiator. The Rule Instantiator finds acceptable instantiations of each ofthe generic rules and feeds them to the Concept Classifier. As shown on the diagram, theoutput of the Concept Classifier is a set of Situated Rules. The Parametric InterpretationExpert System (PIES) can then employ both the Situated Rules and Specific Rules toproduce Diagnoses from Observations.Situated Rules are the instantiations of Generic Rules to the situation representedby the process specification. Specific Rules are the normal context-specific PIES causalassociations. Although the diagram shows Situated Rules and Specific Rules as twodistinct sets of data, in fact the principle role of the Concept Classifier is to merge theSituated Rules into the PIES knowledge base.A PIES causal association network is most effective when the network has a highdegree of connectivity. That is, when there are many associations relating the variousfault concepts. The greater the number of causal links that a fault concept has tomanifestations, for example, the more opportunities the system has to seek verificationof the concept as a diagnostic hypothesis. It is therefore important that when two faultconcepts are equivalent that they are identified and represented uniquely. This is alsoimportant to avoid having two equivalent fault concepts competing for support as thecorrect diagnosis.In the PIES system itself, identification of equivalent fault concepts is theresponsibility of the knowledge enterer. It is aided by the capability to classify faultconcepts within a taxonomic structure. The role of the Concept Classifier is to fix theposition within the taxonomy of the fault concepts mentioned within the situatedgeneric rules, and to recognize when a rule refers to a pre-existing fault concept.In support of this function, a secondary role of the concept classifier is torecognize when fault concepts (or the structures or processing steps they involve) in therules correspond to concepts for which process engineers have preferred names, and tosubstitute these preferred names. For this reason the Concept Classifier has a second setof inputs, entitled �Feature Concepts� in the illustration. This is a glossary of preferred

122Chapter 6: Architecture for Integrationnames for features, along with information regarding how to recognize them in DASdescriptions.

Chapter 7. Experimental ResultsThis chapter describes the experiments performed to test the main theses of thisdissertation empirically. The first section describes two experiments. The results ofperforming these experiments are documented in the second section. A third sectionpresents a summary of the results.7.1. The ExperimentsThe work reported in this dissertation is about the robust representation of experientialknowledge and theoretical knowledge concerning diagnosis of stable semiconductormanufacturing processes. There are therefore two key hypotheses to test empirically:1.That the knowledge is represented in a robust manner. That is to say, that thetheoretical knowledge can be applied to a new manufacturing process, and thatexperiential knowledge gained from experience with one manufacturing processcan also be applied to a new manufacturing process; and2.That the knowledge is effective for the task of diagnosing a stable semiconductormanufacturing process.The empirical portion of this work thus consists of two experiments. The firstexperiment demonstrates that a diagnostic knowledge base can be adapted to a newsemiconductor process. The second demonstrates that this adapted knowledge base caneffectively diagnose manufacturing problems with the new process.7.1.1. Adapting Diagnostic Knowledge to a New ProcessTo test the first hypothesis, we must apply the knowledge we have represented to a newsemiconductor manufacturing process. For the theoretical knowledge, the hypothesis isconsidered verified if the models can be used to assimilate the process and build adependency network of the causal relationships inherent in the process. For theexperiential knowledge, it is necessary to have a body of experiential knowledgerelevant to another process. The experiment consists of using the ontology of ourtheoretical models to represent the rules in the experiential knowledge base for the otherprocess with our Generic Rule representation technique. Then these generic rules are

124Chapter 7: Experimental Resultsinstantiated in the context of the new process. The hypothesis is considered verified ifthe instantiation process produces rules that are acceptable for the new process, andproduces few or no inappropriate rules.The acceptability of the causal relationships produced by the assimilation of theprocess, and the causal associations produced by the instantiation of generic rules isdetermined in two ways. First, the subjective opinion of an expert is consulted. Second,the diagnostic knowledge so obtained is tested by applying it to the diagnosis ofmanufacturing faults in the second experiment described in the next subsection.For the purpose of these experiments, we take the Stanford BiCMOS process [50]as our representative of the new process. We employ the AESOP PIES knowledge base[11] as our source of experiential knowledge regarding another process. The AESOPknowledge base was created by performing a series of simulation experiments for theStanford CMOS process. The BiCMOS process was developed as a modification of theCMOS process. It is therefore reasonable to assume that much of the knowledge gainedregarding the CMOS process should transfer to the BiCMOS process.However, the BiCMOS is not a trivial incremental variation of the CMOS process.The CMOS process creates two types of active devices on the wafer: p- and n-type fieldeffect transistors. The term CMOS is an acronym that means �

Complementary

MOSFET,� where MOSFET is itself an acronym for �

Metal

Oxide

Semiconductor

Field

Effect

Transistor.� The adjective �complementary� in the name refers to the fact that thep- and n-type transistors have complementary characteristics: the same voltage turnsone on and the other off. The BiCMOS process creates these two types of transistor aswell as a third: an NPN bipolar transistor. The �Bi� in BiCMOS refers to this bipolardevice. To create this third type of device, the BiCMOS process augments the CMOSprocess with additional steps. Also, to minimize the number of additionalphotolithography operations, the steps in the CMOS process were modified andrearranged to some degree so that steps that create parts of the CMOS devicessimultaneously create parts of the NPN bipolar device. For this reason, some causalassociations in the AESOP knowledge base may not apply directly to the BiCMOSprocess. Also, the phenomena at work in some of the causal associations may actuallyalso occur in the manufacture of the bipolar structures.

7.1. The Experiments1257.1.1.1 Assimilating the Stanford BiCMOS processOur source for the semiconductor process representation of the BiCMOS process is theSpecification Editor database managed by the Distributed Information Service. Ourmethodology for extracting a representation suitable for the Discrete Action Simulatorinvolves modification of the database. In particular, it requires that:1.we add the �DAS� domain to all parameters that are of interest to the DASsimulator (this is how the LISPRS server identifies which parameters to report);2.we add two new parameters to the root object of the step library, called DAS-MODEL and DAS-CONSTRAINTS;3.we specify values for the DAS-MODEL parameter in suitably abstract STEPobjects; the value of the DAS-MODEL parameter is the name of a model-object inthe database that corresponds to one of the symbolic models; the steps where themodel values are stored are chosen so that the correct models are inherited bythose steps that we wish to simulate; and4.we specify values for the DAS-CONSTRAINTS parameter for those steps thatrequire context-specific constraints, as �parameter overrides� in the modules thatcontain the steps.Since the database is in daily use by fabrication personnel, these modificationswere not attempted on the public version of the database. Instead, a copy of the databasewas created and kept for the exclusive use of this work. It was hoped that after themodifications were made and tested on the private copy of the database, the samemodifications could be made on the public version. To this end, the software that wasused to make the modifications was designed to automatically build an executablerecord of exactly what modifications are made, as well as an executable record of thetransactions that would be necessary to restore the database to its original state.It turns out that the Specification Editor is not compatible with some of thesechanges. Specifically, the Specification Editor implicitly assumes that parameters maybelong to only one domain. It ceases to recognize that a parameter belongs to theSUPREM domain, for example, if the same parameter also belongs to the DAS domain.Thus the precaution of attempting the modifications only on a private copy of thedatabase was warranted. The modifications cannot be transferred to the public databaseuntil the Specification Editor is modified.The representation employed by the Specification Editor does not incorporate theflow control primitives developed by Don Basile [51]. Thus, operations performed onlyon test wafers are represented by additional steps that, unfortunately, cannot be

126Chapter 7: Experimental Resultsdistinguished from the steps that operate on product wafers using the SpecificationEditor API. Since these steps could not be filtered out electronically, it was necessary tomake a copy of the process representation from which such steps were deleted. Theprocess also includes other steps that are superfluous from the perspective of thesimulator that can be distinguished electronically from steps that are relevant. Theseinclude some steps that are performed only on test wafers in order to determine optimalequipment settings. These also include steps that are performed on all wafers, but whichhave effects that the simulator cannot meaningfully represent, such as cleaning steps,photoresist baking steps, measurement steps and inspection steps. These steps areelectronically filtered out of the semiconductor process representation by virtue of nothaving a non-null value for the DAS-MODEL parameter.Mask data were created and stored in the database for 2-dimensional slicesthrough three devices: an NPN bipolar transistor, an NMOS transistor and a PMOStransistor. Since the qualitative models cannot treat the kinds of problems that mostaffect metal layers, only the first 14 (of 20) masks were created and only the first 18 (of27) modules of the process were fetched. This represents the process up to the creationof the transistor and resistor structures, but before the deposition of any interconnectlayers.This editing and filtering reduces the number of steps in the BiCMOS processfrom 754 to 96. This indicates the complexity of the process: in our early work we wereable to represent a Fairchild bipolar process with only 48 steps. The BiCMOS processrequires twice as many steps, and requires more sophisticated models for some of thesteps.These 96 steps were qualitatively simulated on an IRIS workstation with 256megabytes of random access memory. The simulation took one hour and thirty-oneminutes, and the resulting dependency graph takes up 109 megabytes of memory.7.1.1.2 Generalizing and Instantiating AESOP Causal AssociationsThe purpose of this part of the experiment is to verify that experiential knowledgegained concerning one manufacturing process can be represented in a manner thatenables the transfer of this expertise to a new manufacturing process. The experimentconsists of the following steps:

7.1. The Experiments1271.we identify a knowledge base containing experiential diagnostic knowledgeregarding a particular manufacturing process; in this case, we employ theAESOP knowledge base regarding diagnosis of manufacturing faults in theStanford CMOS process;2.for each causal association in the knowledge base, we attempt to discern thecriteria that determine the circumstances under which the phenomenon at workin the association will operate;3.we attempt to encode these contextual criteria using the ontology of ourtheoretical models as the conditions for instantiation of one or more GenericRules; more than one Generic Rule may be required if there are identifiableintermediate states that should be represented;4.we instantiate these Generic Rules for a new process using the dependencynetwork created by the assimilation procedure mentioned in the previoussubsection; in our case, the new process is the Stanford BiCMOS process;5.we examine the causal associations that result from this instantiation process,assessing their quality with the help of an expert.The focus of this work is on the causal relationships between processing eventsand the physical structures that they create or modify. We therefore limit ourselves tointerlevel causal associations between the process level and the physical-structure level,and to intralevel associations at each of these levels.In fact, the AESOP knowledge base does not have any intralevel causalassociations at either of these two levels. As we discuss in Section 8.2 of the related workchapter, and as we mentioned in Section 6.2 of the chapter on generic rules, the reasonfor this is the manner in which the knowledge was acquired. A set of experiments withnumerical simulators was performed. Response Surface Map methods were employed tocodify the results of these experiments as a set of polynomials that represents themultivariate transfer function between the identified inputs and outputs of themanufacturing process. Then causal associations were extracted from this transferfunction. This approach treats the entire manufacturing process as �black box,� andconcentrates on determining the causal relationships between the inputs and the outputsof the box. Thus, this methodology does not discover or represent the intermediate statesin the manufacturing process, and no intralevel causal associations are identified.The knowledge base contains 52 interlevel causal associations between theprocess level and the physical structure level. These are listed in abbreviated form inAppendix D. Processing problems for only six steps are included: Initial wafer Selection(5 problems), Gate Oxidation (9 problems), N-Channel Threshold Adjust Implant (5

128Chapter 7: Experimental Resultsproblems), P-Channel Threshold Adjust Implant (4 problems), Polysilicon Etch (4problems) and N-Well Implant (7 problems) for a total of 34 processing anomalies.These are related to problems with 6 structures: Gate Oxide (6 problems), P-Channel doping (4 problems), N-Channel doping (4 problems), Channel-Length (4problems), Substrate doping (5 problems) and N-Well (5 problems) for a total of 28physical structure anomalies.The associations fall into three categories. The associations in the first category,containing the bulk of the associations, treat phenomena that are already captured bythe theoretical knowledge. Those in the second category treat phenomena that involvetopological changes to the process and/or the physical structure of the devices. Themodels are capable of handling these phenomena. However, the causal pathwaysgenerated by the models cannot be trusted when topological changes are involvedunless these changes are simulated. The 12 associations in the final category treatphenomena that lie outside the scope of the theoretical models.7.1.1.3. Category 1: Associations within scope of theoryThe AESOP knowledge base contains 34 causal associations in this category. An exampleof a causal association in this category is the following:Gate-Ox-Temp-High fi Gate-Oxide-Thick (Maybe)This association reflects the fact that the thickness of the gate oxide is determinedby (among other factors) the temperature at which the oxidation is performed. Thetheoretical models �know� that there is a positive proportionality between thetemperature of any oxidation step and the thickness of the oxide layer that results fromthat step. Thus, this association clearly falls within the Phenomena Scope of the models.The contextual information required to identify instances of this phenomenon is thefollowing:1.the oxide layer in question is created by a high-temperature oxidation process(rather than low temperature deposition); and2.the step in question is the one during which the layer was created.The causal associations do not explicitly mention time. In this particularassociation, the oxide layer survives to the end of the process (it is not etched away) and

7.1. The Experiments129no additional oxidation affecting this layer takes place. To reproduce this rule exactly wemight wish to add such conditions. However, it may be useful to create a more generalrule regarding sacrificial oxide layers and oxide layers that see several cycles of growth.Whether instances of such a rule are interesting depends on whether the thickness ofsuch oxides ultimately affects the characteristics of the devices created or the variabilityof other processing steps.7.1.1.4. Category 2: Associations involving topological changeThe AESOP knowledge base contains six causal associations in the second category. Thefollowing is an example of an association in this category:N-Vt-II-Not-Masked fi P-Ch-Conc-High (Maybe)This association states that if the PMOS active areas are not protected byphotoresist (because the photolithography step was omitted or not masked) when the N-Channel threshold adjust implant is performed, then the concentration of dopant in thechannel of the PMOS transistor might be too high. The assimilation of themanufacturing plan would indicate that in the PMOS active regions, the N-channelthreshold adjust implant does not reach the silicon layer because it does not get throughthe photoresist layer. Further, there would be a logical dependence indicating that thepresence of the photoresist is predicated on the performance of the DAS-SPIN-ON-RESIST (photoresist coat) operation, and the fact that the region was not exposed duringthe intervening DAS-MASK-EXPOSE operation and thus not removed during the DAS-PHOTORESIST-DEVELOP operation. However, tracing the functional and logicaldependencies from the quantity representing the PMOS channel concentration might ormight not lead to the hypothesis that the photoresist was not present during theimplantation step.This is due to the frame problem, the nature of logical reasoning, and the natureof implication. Recall that to overcome the frame problem, the system assumes thatconditions persist through time unless it can prove that they are changed. In the nominalversion of the manufacturing plan, the N-channel threshold adjust implant does notaffect the concentration in the P-channel regions. Thus, the system merely records thatthe dopant concentration in those regions persists through the step just as it persiststhrough the photolithography, etching and some other steps. The dependency networkdoes not keep records of what it cannot prove.

130Chapter 7: Experimental ResultsThe law of the excluded middle states that every well-formed statement must beeither true or false. However, in reasoning the question that is settled is not whetherstatements are true or false, but whether they are entailed by (actually, provable from)the truth or falsehood of other facts. In reasoning there is a third truth-value: unknown.The ion-implantation model will actually form statements about changes to the dopantconcentration of every layer-region. If these statements can be proven true, then thesechanges and the facts that they depend on are recorded. If they can be proven false, thenthe logical dependencies leading to those conclusions are also recorded. However, forthose layer-regions that are not normally affected, it will often be the case that nothingwill be proven concerning whether they are changed, and the persistence assumptionwill prevail.A major reason that nothing will be proven is that the models are often based onimplications. That is, statements of the form A implies B, where A is a statement aboutthe conditions of processing, and B is a statement about the effects of that processing. Ifthe antecedent of the implication, A, is proven true, then the truth of the conclusion Bfollows. However, if the truth of A is either false or unknown, then the truth of B is notdetermined, and therefore unknown.By tracing the dependency network, one can directly answer the question: whatfactors lead to the truth or falsehood of statements whose truth has been determined,and how do the values of quantities functionally depend on other variables. To arrive ata diagnostic hypothesis involving a topological change, one must often answer adifferent question: what changes in the truth of statements would lead to a proof that anunexpected change occurred? Answering this type of question can involve an open-ended search of possible counter-factuals.If the topological change had been simulated, and the consequences of thatchange had been labelled with their logical dependence on the assumption of thetopological change, then such hypotheses can be uncovered by straightforward search ofthe dependency graph. However, this requires that such topological faults beanticipated.Thus, even though they treat phenomena that lie within the theory representedby the models, causal associations in the second category make explicit a crucial piece ofknowledge: that certain topological-change hypotheses are worth considering. They also

7.1. The Experiments131make it possible to treat such problems without actually simulating the topologicalchange.The criteria for instances of the generic rule for this causal association are:1.that a layer-region unaffected by an implant step is in a region that was coveredby photoresist during the implant step;2.that the layer-region would have been affected if the photoresist had been absent;3.that the photoresist was patterned by a particular photomasking operation;4.that the photoresist was placed on the wafer by a particular coat operation.7.1.1.5. Category 3: Associations outside scope of theoryGeneric Rules for causal associations in the first two categories facilitate diagnosis forphenomena that are encompassed by the theory. Causal associations in the thirdcategory go an important step further: they enable diagnosis of problems involvingphenomena that lie outside the competence of the theoretical models. In Chapter 6 wediscussed the Poly-Gate-Under-Etch causes Channel-Length-Long causal association. Itwas explained there that this association involved lateral etching and therefore felloutside the competence of our one-dimensional models. Variations of this particularassociation and a similar one regarding the exposure of the photoresist masking the etchaccount for 8 of the 12 category 3 causal associations in the AESOP knowledge base. Theremaining four causal associations in the third category are variations on the following:Gate-Ox-Time-Long fi P-Ch-Conc-High (Very-Likely)This associates the length of time that the gate oxide is grown with theconcentration of dopant in the channel of the PMOS device. The phenomenon at workhere involves subtle interactions between oxidation and diffusion which, though fairlywell understood, are not captured in our discrete action models due to the extremelycoarse representation of dopant profiles, diffusion and oxidation that we employ.Specifically, when doped silicon is oxidized, the dopants at the moving interfacebetween the growing oxide layer and the silicon layer can either enter the oxide layer orstay in the silicon layer. P-type dopants such as boron are more soluble in silicon dioxidethan in silicon, and therefore they tend to enter the oxide layer. This depletes the siliconlayer of p-type dopants. N-type dopants like arsenic prefer to stay in the silicon layer,and therefore �pile up� in that layer. The net effect is that the oxidation makes theconcentration of dopants in the silicon layer more n-type and less p-type. If the

132Chapter 7: Experimental Resultsdominant dopant is n-type, the effect is to increase the concentration, and if thedominant dopant is p-type the effect is to decrease the concentration.7.1.2. Testing Diagnostic Knowledge Against FaultsTo test the effectiveness of the diagnostic knowledge, we must have factory dataconcerning the manifestations of manufacturing problems that were deliberatelyintroduced. It is necessary that the problems be deliberately introduced in order to havereliable ground truth regarding the correct diagnoses.Obtaining this data would normally require pushing wafers through thefabrication facility with several modified versions of the manufacturing process. Thiswould have to be done very carefully to avoid introducing faults other than the ones weintend. Such an experiment would take considerable amounts of time, and expertise thatI do not possess. Fortunately, some experiments of this nature have already beenperformed at Stanford by Greg Freeman [5].These experiments were performed to evaluate a knowledge-based diagnostictool called MERLIN. MERLIN employs symbolic and quantitative reasoning withanalytic equations to diagnose faults in device behaviour and device characteristics asfaults in device structure. Our focus is on diagnosing faults in device structure as faultsin processing. Thus, our work is complementary to that of Freeman. It should enable thediagnoses performed by MERLIN to be carried to the next stage.Thus, we test the knowledge obtained from the first experiment described insection 7.1.1 by attempting to explain the device structure faults found by MERLIN interms of processing faults.Freeman performed seven experiments. Six of the experiments involvedsystematic structural perturbation, with data taken from the Stanford BiCMOS process.The seventh involved a random structural integrity problem using data taken from theliterature. The causal dependencies generated by assimilation of a process with ourdiscrete action models, and the causal associations in the AESOP knowledge base arerelevant only to systematic perturbation problems: they are not competent to deal withrandom integrity issues. Of the six systematic perturbation problems, five concerned theN-channel MOS transistor and the sixth concerned interconnect. Our assimilation of theprocess stopped short of dealing with the interconnect layers, and our models would not

7.1. The Experiments133be useful in treating interconnect problems. The AESOP knowledge base also lacks anyassociations dealing with interconnect problems. Thus, only the first five of Freeman�sproblems are relevant for our evaluation.The data for these experiments was obtained by running wafers through theBiCMOS process with splits that intentionally introduced perturbations in theprocessing conditions. His five experiments actually only involved three perturbations.The perturbations introduced were:1.reduced temperature during the source/drain drive-in;2.increased energy in the NMOS threshold adjusting implant;3.combination of: reduced source/drain drive-in temperature, increased gateoxidation time, and reduced threshold implant dose.For each of the first two perturbations in processing, two different scenariosregarding the availability of data were investigated. Problem 1a involvedcomprehensive data from a single die. Problem 1b involved only a subset of the data fora single die. Problem 2a again involves a relatively complete dataset from a single diethat enables verification to be performed. Problem 2b involves data averaged over all thedie on a wafer.7.2. The Results7.2.1. Assessing Generic RulesThe 52 causal associations in the AESOP knowledge base can be grouped according tothe criteria for valid instantiation that they share. Thus, only 15 generic rules suffice tocover the causal associations. These rules are listed in Appendix E. The rules wereapplied against an extremely simplified representation of the CMOS process todetermine whether they would reproduce the causal associations that inspired them.The resulting causal associations are presented in Appendix F. That appendix lists theassociations in a �raw� form, before a concept classifier has been applied. Then thegeneric rules were applied to the simulation of the manufacture of three transistors side-by-side (an NPN bipolar transistor, an NMOS transistor and a PMOS transistor) usingthe BiCMOS process as extracted from the Specification Editor knowledge base. Thesubsections below discuss the recovery of the original AESOP causal associations, andthe associations that were obtained from the BiCMOS process.

134Chapter 7: Experimental Results7.2.2.1 Category 1 Causal AssociationsThe first rule, entitled Ox-Temp-Determines-Ox-Thickness, handles the first eight of the34 category 1 associations. It is instantiated whenever there is a layer of oxide createdduring an oxidation step. When applied to the simplified CMOS process, this ruleinstantiates all eight causal associations directly. As shown in Appendix F, 16 causalassociations are generated. They represent the same eight causal associations that werepresent in the AESOP knowledge base, except that each is repeated twice because theGate-Oxide-Layer is represented by two distinct layers in two different regions of thewafer (recall our comments in Chapter 4, Subsection 4.4.2 regarding the fact that themodels sometimes make distinctions not made by semiconductor technologists). As eachlayer is named Gate-Oxide-Layer, a concept classifier could resolve these 16 associationsinto the requisite eight.Note that the rule only found associations concerning the gate oxidation.However, this is due to the fact that our simplified CMOS process has only oneoxidation step: for a more realistic process instances would be found for every oxidationstep in the process. Indeed, this is what happens when the rule is applied to the BiCMOSprocess: 144 instantiations are found, representing eight rules for each instance of anoxidation creating a layer. The eighteen pairings of oxidation steps with layers createdinvolve ten oxidation steps. Two oxidation steps are paired with two layers each, andthree are paired with three layers each. All these pairings are correct. However, there aretwo key facts to point out. First, the rule was written to instantiate only if the oxide layerwas �created� by the oxidation step, where this means that a new oxide layer is createdwhere none existed before. Thus, when an oxidation step merely increases the thicknessof an existing oxide, no instantiation occurs. This represents a problem for the FieldOxide case. The Field Oxide is a very thick oxide that is grown from a relatively thinoxide layer called the Pad Oxide. Thus, it is a significant oxide layer that is created moreby the second oxidation step affecting it than by the oxidation step that created the PadOxide. A more sophisticated rule would consider all the oxidation steps that affect eachlayer, and instantiate the rule for the �most significant� step, i.e., the step that mostcontributed to the thickness of the layer. Secondly, oxidation steps often create oxidelayers that are �insignificant� and that are later stripped away. For example, theoxidation step that grows the Field Oxide actually creates a very thin oxide layer byoxidizing the Silicon Nitride layer that masks the growth of the Field Oxide.

7.2. The Results135The rules Implant-Dose-Affects-Concentration-1, Implant-Dose-Affects-Concentration-2 and Implant-Dose-Affects-Concentration-3 handle the associationsconcerning implants into doped layers. The first rule handles the case when the implantelement type is the same as the dopant in the receiving layer, the second handles thecase when the types are opposite and the implant is not expected to change thedominant dopant type and the third rule handles the case when the implant is expectedto change the dominant dopant type. These three rules cover the associations concerningthe effects of N-Vt-II and P-Vt-II on the P-Ch-Conc and N-Ch-Conc. There are 12 of thesein the AESOP knowledge base.When applied to the CMOS process, the generic rule instantiations recover 48associations. The first rule generates 16 associations, the second generates eightassociations, and the third produces 24 associations. The four associations concerningthe effect of the N-Channel implant (N-Vt-II) on the N-Channel concentration (N-Ch-Conc) are recovered directly by the first generic-rule. The four associations regarding theeffect of the P-Channel implant (P-Vt-II) on the P-Channel concentration (P-Ch-Conc)are also recovered directly, by the second generic rule. The four associations regardingthe effect of the P-Channel implant on the N-Channel concentration are each capturedby two associations generated by the first rule: one association relates the P-Channelimplant dose to the concentration of Layer-3, which is the layer created in the NMOSregions by the P-Channel implant; the second relates the concentration of Layer-3 to theN-Channel concentration.The remaining four associations found by the first rule concern the impact of thesubstrate concentration on Layer-3, and thus ultimately on the N-Channel concentration.The AESOP knowledge base lacks corresponding associations. The remaining fourfound by the second rule relate the concentration in the N-Well to the concentration inthe P-Channel. These represent half of the pairs of associations that would togetheraccount for the effect of the N-Well implant on the P-channel concentration. The otherfour associations needed, concerning the effect of the N-Well implant on the N-Wellconcentration, are found by the third rule. This rule also generates four associationsregarding the effects of the substrate concentration on the P-Channel concentration (viaits effect on the N-Well concentration).The remaining 16 associations found by the third rule concern the effects of theP+ and N+ Source/Drain implants on the sources and drains of their respective

136Chapter 7: Experimental Resultstransistors, and the influence of the channel concentrations on these layers. The AESOPknowledge base also lacks these associations.When these three rules are applied to the BiCMOS process, the first rulegenerates 24 associations, the second rule generates no associations, and the third rulegenerates 40 associations. The 24 associations found by the first rule concern the impactof the implant dose for each of the Channel-Stop, P-Channel and N-Channel implants onthe layers created by each of them, and the impact of the Substrate and N-Wellconcentrations on these layers. No associations are found by the second rule because,unlike the CMOS process, the BiCMOS process has no implants involving an implantspecies of opposite type to that already in the layer to be implanted, for which theimplant is not expected to change the dominant dopant type. The 40 associations foundby the third rule concern the effect of the implant dose on the implanted concentrationfor each of the N-Well, Collector, Active-Base, N+ Source/Drain and P+ Source/Drainimplants, and the impact of the initial concentrations (Substrate, Substrate, Collector, N-Channel and P-Channel respectively) on the resulting concentrations.The four AESOP associations concerning the impact of the initial substrateconcentration on the final substrate concentration are recovered directly by the genericrule Initial-Doping-Affects-Final when this rule is applied to the CMOS process. Thecorresponding four associations are also found when the rule is applied to the BiCMOSprocess.7.2.2.2 Category 2 Causal AssociationsThe six causal associations in this category in the AESOP knowledge base were to berecovered by four generic rules applied to the CMOS process. The first association in thiscategory, regarding omission of the Gate-Oxide step, is recovered directly by the genericrule Oxidation-Step-Omitted. Applying this rule to the BiCMOS process generates 13associations regarding the Pad Oxide, Gate Oxide, Poly Frame Oxide, Sidewall Oxideand the Resistor Oxide. The rule Initial-Dopant-Type-Affects-Final directly recovers thecausal association regarding incorrect initial dopant species in the substrate (although itis expressed in terms of dopant type rather than species) when applied to either process.The generic rule Implant-Step-Omitted recovers the two associations regardingomission of the Well implant and incorrect species for this implant. It also generateseight associations regarding the two Source/Drain implants that are missing from the

7.2. The Results137AESOP knowledge base but seem perfectly reasonable. Applying this rule to theBiCMOS process generates 14 associations regarding the N-Well, Collector, Active Base,N+ Source/Drain and P+ Source/Drain implants. (The latter two implants create fourrules each, as they also affect the polysilicon layer.) All these associations are correct.The generic rule Implant-Not-Masked was intended to recover the associationregarding omission of the Well implant. When applied to the CMOS process, this rulerecovers the association regarding the N-Well implant, but also generates two spuriousassociations concerning the effect of the two Source/Drain implants on their respectivechannel layers, and two correct associations regarding the impact of not masking theseimplants on the polysilicon layer. The spurious associations are in fact due to aninappropriate arrangement of mask regions for the channel implants, i.e., a failure onmy part to correctly represent the CMOS process. When applied to the BiCMOS process,this rule also generates five associations. However, the spurious associations are notpresent. The five associations found are the three correct associations corresponding tothe CMOS associations, and two more concerning the Collector and Active Baseimplants.This rule does not recover the association regarding failure to mask the N-Channel implant because it is restricted to cases where the implant changes thedominant dopant-type. An additional rule is required to handle this case.7.2.2.3 Category 3 Causal AssociationsThe four associations relating over- and under-etching of the polysilicon gate to thelength of the channel are covered by twelve associations created by two generic rules:Insufficient/Excess-Lateral-Etch and Structure-Masked-Implant applied to the CMOSprocess. The first rule generates eight associations that establish that over- or under-etching the gate affects the width of the gate itself, for each of the two MOS devices. Thesecond rule produces four associations that establish that the width of the gate affectsthe width of the channel due to self-aligned implantation steps for each of the twodevices. Precisely the same twelve associations are found for the BiCMOS process.The generic rules Insufficient/Excess-Photoresist-Exposure and Resist-Masked-Etch generate interlevel and intralevel associations tying over- and under-exposureduring the photolithography step that patterns the resist for the gate structure to thewidth of the poly gate. In this way, the four associations in the AESOP knowledge base

138Chapter 7: Experimental Resultsare each represented a by chain of three associations: exposure affects width of resist,width of resist affects width of poly gate, width of poly gate affects width of channel.When applied to the BiCMOS process, 36 instances of the Insufficient/Excess-Photoresist-Exposure rule are found. The Active Area mask creates three sets of fourinstances, one set for each of the three types of devices. Another set of four associationsis found for the bracketing of the NMOS device by the Channel Stop mask. The BuriedContact mask produces two sets of four associations, one each for the NMOS and PMOSdevices because the contact holes bracket the gate oxide. The Poly Oxidation maskgenerates four associations for the way the Poly Frame Oxide brackets the NPN Emitterregion. Finally, two sets of four associations are found for the Poly Etch mask, whichcorrespond to the definition of the Poly Gate structures in the NMOS and PMOSdevices. The Resist-Masked-Etch rule finds all the same situations (except the Channel-Stop case, which does not involve an etch), but produces an even larger number ofassociations (48), because in some cases more than one layer is etched.The generic rule Thermal-Oxidation-Redistributes-Impurities-N correctlyrecovers the four AESOP causal associations regarding the effect of extended gateoxidation on the concentration of the P-Channel concentration. In addition, a companionrule Thermal-Oxidation-Redistributes-Impurities-P adds four associations regarding theimpact on the N-Channel concentration that are missing from the AESOP knowledgebase. Applying these rules to the BiCMOS process generates a plethora of associations:the first rule finds 88 associations (22 groups of four), and the second finds 72 (18 groupsof four). As I interpreted the underlying cause for the AESOP rule (i.e., oxidation surfaceeffects), these associations are all correct. However, I most likely misinterpreted thephysical mechanism underlying the causal association. This is discussed in the sectionon �Expert Assessment.�Table 7.1 summarizes the results regarding recovery of the AESOP causalassociations by application of the generic rules to a simplified representation of theCMOS process. All but one of the 52 associations in the AESOP knowledge base areeffectively represented. In addition 30 more causal associations are found that mightprove useful. Only six spurious associations are generated: 2 due to poor representationof the process, and 4 due to misinterpretation of the physical mechanism underlying anAESOP association.

7.2. The Results139CategoryRecoveredMissingAdditional,CorrectAdditional.Spurious

1340200

251102

312004 total511306

Table 7.1. Recovery of AESOP associations by Generic RulesApplying the same 15 generic rules to the BiCMOS process results in over 500causal associations. The definition of the Ox-Temp-Determines-Ox-Thickness rule (andthe manner in which the BiCMOS process constraints represent the creation of the FieldOxide layer) prevented a instantiations for the Field Oxide layer. However, this is theonly significant set of �missing� causal associations. On the other hand, the phenomenain several AESOP causal associations were discovered to be active in the creation of theNPN Bipolar device in the BiCMOS process (these include causal associationsconcerning the impact of implant dose on dopant concentration, the impact of existingdopant on the concentration in implanted layers, the effects of omitting implant steps,and the effects of failing to mask implant steps, for which instances were found for theCollector and Active Base implants). Also, the phenomena reflected in some of theassociations were found to be at work in implants into CMOS structures that were notconsidered by the AESOP knowledge base (i.e., the source/drain implants). The sameexpansion of cases occurs for associations regarding oxidation phenomena.It is also the case that some AESOP causal associations were eliminated asinappropriate to the BiCMOS process. Specifically, associations concerning the impact ofthe P-Channel threshold adjust implant in N-Channel regions. Other associations weremodified: the impact of the P-Channel implant on the P-Channel is the opposite in theBiCMOS process to what it was in the CMOS process, as the implanted dopant is theopposite type.Finally, it should be noted that even when AESOP rules apply directly to theBiCMOS process, they cannot always be used directly because some namingconventions are different for the two processes (e.g., the threshold adjust implants of theCMOS process are called channel implants in the BiCMOS context). The instantiationprocess automatically adopts the naming conventions of the new process.

140Chapter 7: Experimental Results7.2.2. Expert AssessmentWe consulted the principal designer of the Stanford BiCMOS process, John Shott, toobtain the judgment of an expert concerning the quality of the diagnostic informationobtained by qualitative simulation and by application of generic rules,A top-level comment concerned the lack of attention to issues of sensitivity: theknowledge as represented tends to be qualitative and therefore potentially too inclusive.For example, the AESOP knowledge base contained several causal associationsregarding the impact of the concentration of dopant initially in a layer on theconcentration resulting from an implantation into that layer (for example, Sub-Start-Conc-High fi P-Ch-Conc-Low). This association stems from the fact that the dopantsintroduced into a layer add up (if they are opposite type, they subtract) to determine theultimate concentration. The DAS qualitative simulator and the generic rules concerningthis phenomenon ignore the relative sizes of the quantities being added, and assumethat a change in any of them results in a change in the sum. However, the concentrationof dopant introduced by an implant will often be one or more orders of magnitudehigher than the concentration already present in the layer, so that the impact ofvariations in the existing concentration can be quite small. As a rule of thumb, implantsthat are intended to change the dominant dopant introduce at least an order ofmagnitude more dopant than is present in the layer to be implanted.In a similar vein it was noted that some variations in geometric or other physicalattributes are not interesting unless they are large enough to produce catastrophicresults. For example, while the causal associations relating to lateral dimensions of theburied contacts are correct, device and circuit performance are largely insensitive to suchvariations.The need for quantitative analysis is reflected in another way. The HyperPIEScausal associations include a qualitative estimate of likelihood. It is not clear whetherthis represents the likelihood that the manifestation will occur if the problem occurs, orthe likelihood that the problem is the correct explanation of the manifestation. (Theoriginal PIES system included two assessments of likelihood, but this approach wasdropped when the system was ported to HyperClass.) Currently, the generic rulesmerely carry these likelihood assessments as given. This leads to two problems. First,when a single causal association is represented by a chain of generic rules, it is not clearhow the likelihood should be distributed. Second, the author of a causal association

7.2. The Results141would probably assess likelihood differently for each instance of a correspondinggeneric rule. The author�s assessment would probably depend on factors determiningthe sensitivity of the phenomenon, and on subjective probability densities for the kindsof failures being considered. It is not clear how all the factors that influence a subjectivelikelihood assessment could be addressed. However, to the extent that the experts canenunciate how their assessments depend on aspects of the situation, it should bepossible to record and make use of this information.That information concerning intermediate states is represented was seen as anadvantage. In addition to the benefits of a richly interconnected causal network I havealready described in previous chapters, breaking an input/output relationship downinto several intermediate stages is useful because it is sometimes possible to makemeasurements of these intermediate states. Fabrication facilities often routinely makeand record such �in-process� measurements. However, a diagnostic system that doesnot represent such intermediate states cannot incorporate these measurements into itsstrategy for discriminating among otherwise indistinguishable cases.For similar reasons it was seen as an advantage that the system systematicallyincludes consideration of �unimportant� and �sacrificial� structures. For example, whengrowing the field oxide and when oxidizing the polysilicon layer in the BiCMOSprocess, a very thin oxide is simultaneously formed on top of the silicon nitride that isused to pattern these oxidations. This oxide is an unintended side effect that is removedvery shortly afterward. It is not part of the final structure being manufactured and itplays no significant processing role. It is thus easily ignored or forgotten. However, itcan be a source of problems, especially when its presence is overlooked. Also, someoxides are deliberately grown only because doing so enhances a diffusion process. Theseoxides are also etched away. However, their thickness is often measured as an indirectmeans of establishing that the diffusion processing occurred as planned. Suchmeasurements are potentially useful diagnostic information.Only one phenomenon was a source of surprise. The generic rules concerning thesurface effects of oxidation did not seem credible. Recall (Section 7.1.1.5) that the AESOPrules relating the duration of the gate oxidation step to the concentration of the P-Channel were assumed to involve the segregation of dopants into either the oxide or thesilicon layer, depending on dopant type. Normally, the impact of any high-temperature

142Chapter 7: Experimental Resultsstep is to reduce the concentration of dopants. Thus, these surface effects were invokedto explain how an extension of an oxidation step could increase dopant concentration.This explanation lacks credibility because these surface effects are generally�second order� effects that are swamped by the first order effect of oxidation anddiffusion, which is to reduce dopant concentration. This led to another possibleexplanation for the phenomenon at work in this causal association, in terms of first ordereffects. Namely, if a layer has both p-type dopant and n-type dopant, and the p-typedopant diffuses faster than the n-type dopant, then the concentration of the p-typedopant will decrease faster than the concentration of the n-type dopant, and the layerwill become more n-type. The p-type dopant can diffuse faster than the n-type dopant ifit has seen less high-temperature processing (so that its concentration gradient ishigher), or if the n-type dopant is Arsenic, which diffuses ten times more slowly than thep-type dopant Boron. In the CMOS process, both conditions hold: the N-Well is formedby an Arsenic implant, which is driven-in before the P-Channel implant is performed.The generic rules do not explicitly refer to these secondary surface effects.However, if the mechanism responsible for the original association is the first-ordereffect just described, then the conditions under which the phenomenon will occur aremore restrictive. Most instances of the current rules would not satisfy these restrictions.7.2.3. Assessing Diagnostic CapabilityThe decision to employ data from a set of experiments performed completelyindependently of this work was taken for two reasons: to avoid the possibility of biasingthe evaluation by choosing problems that the system can handle easily, and to make itpossible for the evaluation to employ real factory data. This decision has led to a sparseevaluation that is probably not a fair assessment of the system�s value.The data from the five experiments performed by Greg Freeman really onlyrepresent three experiments. The main distinction between experiments 1a and 1b, andbetween 2a and 2b is the quality of the electrical measurement data. The input to ourdiagnostic process is the output of the MERLIN diagnostic process. This output does notstrongly reflect the differences in the quality of the input data. For experiments 1a and1b, the only distinction is that a second hypothesis is generated that cannot bedistinguished from the correct hypothesis. For experiments 2a and 2b, the same answeris obtained, with only a change in the confidence associated with that answer.

7.2. The Results143The generic rules that we created were motivated by the causal associations inthe AESOP knowledge base. With one exception, those causal associations are notrelevant to the problems treated by Freeman. Thus, our BiCMOS causal associations,generated from those generic rules are not relevant to the problems either. This meansthat the problems can only be used to evaluate the dependency structure created byqualitative simulation.7.2.3.1 Experiments 1A and 1B: Low temperature Source/Drain Drive-inMERLIN rejects all but one hypothesis for experiment 1a, and all but two for experiment1B.The winning hypothesis in experiment 1A is �DELTA_LD.� This is Freeman�sterm for a variation in the lateral diffusion under the gate. As this is a lateral diffusionphenomenon, it lies outside the phenomena scope of the DAS models! However, we canproceed by noting that diffusion is completely anisotropic, so that the amount of lateraldiffusion is reflected in the amount of vertical diffusion. Asking the DAS dependencynetwork for the processing parameters influencing this quantity yields a response thatincludes the duration and temperature of the drive-in step, as well as the factors thatdetermine the implanted concentration and the concentration of the channel-layer (theseare included because the diffusion rate is partly determined by the gradient of thedopant profile, which in DAS is represented by the difference between theconcentrations in the adjacent layers). Thus, the correct answer, a lower drive-intemperature, is included in the response, but it is one among many.Additional data, if it were available, could be used to filter this set of hypotheses.For example, normal measurements of the sheet resistance of the polysilicon wires couldindicate that the implanted concentration was not abnormal. Also, in-processmeasurement data might have indicated that the channel concentration was correct.Assuming such data were available, the system could eliminate all hypotheses except forthe temperature and duration of the drive-in step. These two hypotheses could not bedistinguished by DAS, because it does not have quantitative models of the relativeinfluence of time and temperature on the oxidation rates. However, the hypothesescould be distinguished on the basis of measurements of the oxide thickness if suchinformation were available.

144Chapter 7: Experimental ResultsThe hypotheses returned by MERLIN for experiment 1B are �DELTA_LD� and�DELTA_LG.� This second hypothesis refers to the difference between the gatedimension as drawn, and the physical dimension. The BiCMOS version of the AESOPrules concerning insufficient lateral etching of the gate, and under exposure of the resistpatterning the gate come into play here. These add additional hypotheses relating to theduration of the Poly Etch step and to the exposure parameters for the Poly Etch maskstep. However, since they would also indicate the intermediate hypothesis that thephysical dimension of the polysilicon gate was too long, a diagnostic reasoner could tryto eliminate these hypotheses by an optical measurement of the actual gate length.7.2.3.2 Experiments 2A and 2B: high energy channel implantFor these problems, MERLIN returns the hypothesis �D_TI,� which is Freeman�s termfor depth of the threshold implant. The phenomenon at work here is that the dopantsexpected to modify the threshold voltage are implanted too deeply, so that theconcentration at the silicon surface is too low.The constraints attached to the channel (= threshold adjust) implant indicate thatthe region implanted lies at the silicon surface. Thus, this phenomenon involves atopological change, introducing a layer between the silicon surface and the implantedlayer. There are two ways to continue the diagnosis to the process anomaly stage: oneway is to simulate the possibility of a threshold implant that lies beneath the surface,then ask what factors would determine the actual depth. The other way is to have ageneric rule that relates this phenomenon to the mean implant depth (and thus to theinitial thickness of the implanted layer), and ask what factors determine that. In eithercase, the result is the same: the hypotheses returned include the implant-energy of thechannel implant, as well as the factors that determine the thickness of the CleanupOxide.The factors determining the thickness of the Cleanup Oxide are included becausethe channel implants are done through this oxide layer, and the thickness of the layerwould help to determine the implant depth. As the thickness of an oxide over silicon isrelatively easy to measure, and such thicknesses are routinely measured just after thegrowth of the oxide (the BiCMOS process description includes such measurements),these additional hypotheses might be eliminated by normal oxide thicknessmeasurements.

7.2. The Results1457.2.3.2 Experiment 3: Multiple FaultsFreeman performed one experiment in which the same wafers were subjected to threeprocess disturbances: lower temperature source/drain drive-in, longer gate oxidationand lower threshold implant dose. Unfortunately, the principal purpose in performingthis experiment was to demonstrate a weakness in MERLIN�s diagnostic strategy, whichassumes a single point of failure. Thus, MERLIN incorrectly reports the physicalmanifestation (�DELTA_LD�) of only one of the three problems (low source/draindrive-in temperature).Thus, the input to the next stage of diagnosis for this problem is the same as it isfor problem 1A, and DAS would return the same result.7.3. Summary of the ResultsIt has been demonstrated that the theoretical models can be used to assimilate a new,complex manufacturing process by qualitative simulation. The procedure iscomputationally expensive, both in terms of time and space. However, this cost can beamortized over the large number of diagnoses that the resulting dependency structurecan be used to perform. The causal dependency network includes many interior nodesrepresenting intermediate states of the wafer. This improves the discriminating power ofthe network by providing many opportunities for seeking contradicting and confirminginformation. In particular, in contrast to statistical input/output techniques, it affordsthe capability to employ information from in-process and in-situ measurements.A key weakness of the approach stems from its lack of quantitative information.This reduces its ability to discriminate on the basis of sensitivity, leading perhaps to anexcessive number of hypotheses.It has also been demonstrated that the dependency network can be used, inconjunction with generic rules, to transfer experiential knowledge from one context toanother. To avoid creating spurious causal associations, it is important to identify andproperly encode as many as possible of the criteria restricting when phenomena can beexpected to occur. On the other hand, by capturing the description of the phenomena inas general a fashion as possible, one reaps the benefit of additional knowledge whennew instances of the phenomena are discovered.

Chapter 8. Related WorkIn this chapter we review other work related to the subject matter of this dissertation.Where possible we note either how our work represents an advance in the state of theart, or how our work might be improved by incorporating the ideas contained in theseother efforts. We begin with a brief review of the application of model-based reasoningtechniques in other domains. Then we contrast Generic Rules with other approaches tocombining rule-based and model-based reasoning. Next we examine othercomputational tools for modeling semiconductor manufacturing. As this work toucheson issues in semiconductor process representation, we briefly describe other efforts inthis area. Finally, we discuss other approaches to the problem of deciding howsemiconductor manufacturing operations should be modeled for a specific application.8.1. Model-Based ReasoningOne of the ways we attempt to achieve robust encoding of knowledge aboutsemiconductor manufacturing in this thesis is to decompose manufacturing plans intotheir constituent parts, namely manufacturing steps, and encode knowledge about thoseparts in a fashion that enables us to reason about plans composed of them. To admitcomposition into manufacturing plans, the knowledge we encode about each step musthave a general character: it must apply in all occurrences of the step within plans. Forthis reason, the knowledge tends to be theoretical in nature, and to constitute a model ofthe step�s behaviour.This idea is by no means new. Model-based reasoning techniques have beenapplied in a variety of domains. The earliest symbolic model-based reasoning systemswere applied in the domain of electronic circuits � primarily digital circuits, but alsoanalog circuits � (e.g. [20, 52-55].) It has also been applied in medical domains (e.g. [16,56-59]). More recently, the techniques of qualitative reasoning have enabled theapplication of model-based reasoning to many types of engineered systems [60],including civil engineering structures (e.g. [61]), power plants (e.g. [62]), chemical plants(e.g. [63, 64]), aircraft (e.g. [65, 66]) and spacecraft (e.g. [67-70]). In the semiconductor

8.1. Model-Based Reasoning147domain, it has been applied to reasoning about material surfaces and interfaces (e.g.[71]). The techniques are now also being applied to financial domains (e.g. [72-75]).In all cases the structure of the system being reasoned about is represented by agraph in which the nodes are components of the system and the arcs are the conduits ofcommunication or interaction between the components. The main distinctions betweenour work and these concern the complexity of the signals that pass along the conduitsbetween parts of the system structure, and the treatment of time. Both of thesedistinctions derive from the nature of the domain about which we are reasoning. Asnoted in section 4.2 of Chapter 4, the components of a manufacturing plan are the stepsin the plan, and the signal that passes between these components is the description ofthe object that the manufacturing steps operate on. This is a highly structured objectwith an a priori undetermined number of components. In almost all previous work thesignals that pass between components consist of scalar quantities. Furthermore, in muchof the work the number of such quantities is determined by the structure of the systembeing reasoned about and is known at the outset of reasoning: i.e. no new quantities arediscovered in course of reasoning. As we mentioned in Chapter 4, the process-centeredreductionist techniques are an exception to this rule [18]. In these techniques newquantities can be introduced by the discovery and activation of instances of processes.However, it is often the case that systems based on this approach perform anenvisionment. This procedure identifies all potential instances of processes at thebeginning of reasoning, assimilating the structure of the system being reasoned about inmuch the way we assimilate the structure of the manufacturing plan.Regarding the treatment of time, previous work falls into four broad categories.The first category ignores time altogether: the system being reasoned about has no state.It is characterizable by a set of algebraic equations [76]. Much of the early work ondigital circuits considered only combinational logic, and fell into this category [3, 20, 21,52-54]. The second category considers time as quantified into uniform intervals, withdiscrete changes taking place instantaneously at the end of each interval. Theprototypical example of this is synchronous (i.e. clocked) digital sequential systems. Thethird category treats dynamical systems. These can be characterized by sets of first-orderordinary differential equations [17-19, 77, 78]. The scalar quantities change continuously,and the evolution of the system is often determined by feedback loops [79]. The fourthcategory allows for discontinuous change as well as continuous change in the values ofthe quantities [80]. Some work in this area also attempts to reason simultaneously at

148Chapter 8: Related Workseveral different time-scales, treating the same changes as discontinuous at one scale,and continuous at another scale [81].Our work is based on that of Reid Simmons [14], which brings together ideasfrom two disparate areas of artificial intelligence: qualitative model-based reasoning andplanning. The treatment of time within our system is that associated with reasoningabout plans. Changes occur only as a result of actions. Although it may be recognizedthat the actions take place over an interval of time and some of the changes are actuallycontinuous changes in the values of quantities, actions are considered to be atomic. Thesystem considers an action as a direct mapping between the states of the world beforethe action and after it, but allows for the possibility that the mapping involves algebraicequations over continuous variables, with the duration of the action as an explicitvariable. Furthermore, we do not consider the possibility of concurrent actions. Thus,our view of time is a very simple one. It can also be viewed as a hybrid of the first andsecond ways of treating time mentioned above: time is discretized into intervals, with allchanges considered complete at the end of each interval, but the intervals are notuniform in duration. The values of quantities after each interval are continuous algebraicfunctions of the quantities in the prior world-state and the interval�s duration. Discretechanges that introduce or remove objects are also possible.Most semiconductor processing involves continuous change. Furthermore, thecomplexity of some processes, such as diffusion, make it awkward and difficult todescribe them in a general way as discrete actions. Thus, it would seem that abstractionsallowing for continuous change, concurrent processes and feedback would beappropriate for reasoning in greater detail about individual processing steps. However,current techniques are not completely adequate: the physical processes in somesemiconductor operations can�t be characterized by ordinary differential equations.They require partial differential equations, which lie outside the realm of currenttechniques. There may be some useful intermediate level of abstraction for which theordinary differential equations that current techniques can handle are adequate. Therehas already been some work in this direction. In [82] qualitative and semi-qualitativecontinuous models are employed to aid in the diagnosis of individual processing steps(in particular, a plasma enhanced chemical vapor deposition (PECVD) of silicon nitride).Qualitative continuous models have also been used to model equipment and individualmanufacturing steps in other manufacturing domains for the purpose of monitoring andcontrol [83-85].

8.1. Model-Based Reasoning149Despite the difficulties involved in representing semiconductor processing stepsas discrete actions, this is the most appropriate level of abstraction for our purpose ofunraveling all the interactions among manufacturing operations.8.2. Combining Rule-Based and Model-Based ReasoningThere have been other attempts to combine rule-based and model-based reasoning. Inmost cases, the phenomena treated by each form of knowledge has been the same. Thelarge inferences sanctioned by high-level rules have been viewed as contributing to fastreasoning. The detail with which model-based techniques handle phenomena has beenviewed as contributing to robustness, and/or the ability to resolve interactions betweendiagnostic hypotheses [86, 87].Although we also distinguish between rules and models in our work, the keydistinction we wish to draw concerns the content of the knowledge represented. Inparticular, the different forms of knowledge are distinguished by level ofapproximation, granularity, abstraction and the degree to which the knowledge isheuristic. It is our argument that by encoding heuristic knowledge at a high level ofabstraction and granularity, rule-based experiential knowledge bases can treat a largerrange of phenomena than it is possible to model effectively. The second part of ourargument is that to encode the dependency of that knowledge on various aspects ofcontext that are subject to change, a finer degree of granularity and a lower level ofabstraction are required.It has been suggested that increased reasoning speed can be achieved by�compiling� the knowledge contained in models into rules, perhaps designed for aspecific task [67, 88-90].We agree with Randall Davis [91] when he stipulates that most of these effortsmistakenly emphasize form over content. As Tom Bylander points out [92], the�compiled� knowledge cannot be more competent for a given task than the knowledgeit is �compiled� from, unless the �compiler� is endowed with knowledge that it can addduring the compilation process. Also, if the compiled knowledge is to be more efficientat the task than the knowledge it is compiled from , then it must be the case that theproblem-solving is an expensive, deliberative process with the knowledge in its originalform. If that is the case, then the compilation process is necessarily also very expensive.It is Davis� argument that model-based diagnosis is not a deliberative process.

150Chapter 8: Related WorkThe work of Simmons [93] illustrates an effective way to combine the advantagesof rule-based and model-based reasoning. In his Generate-Test-Debug paradigm,heuristic rules are employed to synthesize an interpretation of a geological cross-sectionas a possible sequence of geological processes. These rules recognize commonconfigurations of geologic features and posit geologic sequences capable of producingthem. Models of the behavior of geologic processes are then employed to test theresulting synthesized sequence by simulating it to determine what geologic cross-sectionwould result, and comparing this with the original cross-section to be interpreted.Finally, the dependencies generated during this symbolic simulation are used to debugthe sequence when discrepancies in the cross-sections are detected.It should be noted that the heuristic rules employed in Simmons� work do nottreat phenomena that are not already represented in the models he employs. Indeed, it isnecessary that the models be capable of correctly simulating all phenomena that therules discuss. One could imagine employing a general-purpose planner [30-32]tosynthesize a sequence directly from the models, though this would entail a combinatoricsearch through a very large search space. The impact of the heuristic rules is to arrive ata reasonable estimate of the correct sequence without a great deal of search. Any attemptto compile these synthesis rules from the models would require that the compilerperform an exhaustive search of the space of possible sequences of geological processes.Modern chess-playing systems are perhaps prototypical examples of systemsthat employ rule-based experiential knowledge, model-based theoretical knowledge andrule-based knowledge compiled from the model-based knowledge. In the early phasesof a game, these systems employ an �opening book.� This is essentially a rule-base withrules of the form: when in this situation, pseudo-randomly choose among these equallygood moves. These rules are encodings of the accumulated experience of chess-playingexperts. In the middle game, these systems employ model-based knowledge: thesystems know what moves are legal, and what the effect of each move is on the boardconfiguration. They employ this knowledge in a search of the space of possible movesequences that is pruned by heuristic knowledge concerning the �value� of each boardposition. Finally, in some systems there is also an �endgame book .� This, like theopening book, is a rule-base of best moves for each situation. However, endgame booksare often generated by an exhaustive search using the model-based knowledge.

8.2. Combining Rule-Based and Model-Based Reasoning151The issue in Simmons� work is performance: the efficiency with which each formof knowledge can perform its part of the task. While model-based knowledge is notexpensive for diagnostic and debugging tasks, it is for the synthesis task. Performance isalso the issue for most work in knowledge compilation. In contrast, our work isconcerned with competence: the ability of the representational paradigm to capture theknowledge, and the degree of robustness that can be achieved. However, there are twoways in which the notion of knowledge compilation applies to this work.First, our model-based knowledge (the models of the operations and therepresentation of the manufacturing plan) cannot be used to perform the diagnostic taskdirectly with any degree of efficiency. Instead, it is necessary to assimilate themanufacturing plan through a qualitative symbolic simulation procedure. Thisprocedure makes all the causal dependencies in the plan explicit. It is with this explicitgraph of the causal dependencies that it is possible to perform diagnosis efficiently. Theassimilation process is a transformation of the form of the knowledge into a form that isefficient for the diagnostic task. Furthermore, as in the case of most software compilers,the transformation involves considerable expansion in the size of the representation.Thus, the assimilation process can be viewed as a knowledge compilation process inwhich performance is improved by a computationally expensive process that makesexplicit the knowledge that is only implicit in the original representation.Second, we noted in Chapter 7 that it can be useful to have generic rules forphenomena that fall within the competence of the theoretical knowledge. It would seemthat the effect of instantiating the generic rule in such a case is to merely change the formof the knowledge without changing its content. However, this is not entirely true. Evenwhen the generic rule pertains to a phenomenon already captured by the model-basedknowledge, the rule provides additional knowledge. Specifically, generic rules definethe level of abstraction and granularity at which it is most appropriate to represent thephenomenon: what are the key concepts to be causally related, and what details can beomitted. Also, generic rules can contain heuristic knowledge in the form of certaintyfactors. Thus, the rule-instantiation process can be viewed as a knowledge-compilationprocess in which knowledge is added.8.3. Modeling ManufacturingIn this work we have explored the symbolic approach to modeling semiconductormanufacturing in order to achieve robust representation of knowledge capable of

152Chapter 8: Related Worksupporting diagnosis. There has been and continues to be much work focussed on otherapproaches to modeling semiconductor manufacturing.Our models are very approximate and qualitative. To the extent that they includequantitative information at all, this quantitative information takes the form of simpleanalytic mathematical models. The work of Strojwas and others [37, 94] also employssimple analytic expressions to model semiconductor manufacturing operations. In thatwork, the expressions are tuned with empirical data to provide a fairly high degree ofaccuracy. The focus of that work is to provide quantitative simulation that is very fast, sothat it can be used to support statistical experimentation and analysis. The simulator iscalled FABRICS, and is part of a larger suite of computational tools called the ProcessEngineer�s Workbench.While that work is similar to ours in its use of simplified analytic models ofsemiconductor manufacturing operations, it is aimed at a different purpose. TheFABRICS simulator does not record logical and functional dependencies that can betraced to generate diagnostic hypotheses. Also, it cannot accept qualitative information� it is strictly quantitative. Its primary purpose is the statistical exploration of theinput/output behavior of the manufacturing process in a small space around the pointsfor which the analytic expressions were tuned with empirical data.Early versions of the work reported in this dissertation inspired an effort similarto ours at Texas Instruments, led by Robert Hartzell [95]. As in the FABRICS work, theTI �deep level reasoning tool� employed quantitative analytic models embedded in coderather than our qualitative, declarative models. However, they structured the modelswith an object-oriented programming language in such a way that each model caninclude methods that record dependency information. In this way they attempt toachieve the best of both worlds: fast, quantitative simulation along with dependencyinformation that can be used to support diagnosis. In our work, the dependencyinformation is extracted automatically from the models, by virtue of reasoning withdeclarative statements in a logic and employing a truth maintenance system (TMS). Inthe TI work, the dependencies recovered for each operation are hand-crafted into amethod attached to the model of the operation independently of the coding of the modelitself.

8.3. Modeling Manufacturing153This approach has advantages and disadvantages in comparison with ourapproach. Since the dependencies are hand-crafted, the level of detail and granularity inthem can be carefully selected to match the needs of the diagnostic system. In oursystem the level of detail in the dependency network is determined by the demands ofthe simulator. This leads to a highly detailed dependency graph with nodes for everyinstance of every statement in each model. Also, since the TI models are compiled,quantitative programs, the assimilation of a new process plan is much faster than it iswith our system. On the other hand, this approach places more of a burden on theprogrammer, especially with regard to maintenance. When the models are modified, theprogrammer must re-evaluate the coding of the dependency information. Also, theinability of the system to reason qualitatively with partially-specified information limitsthe utility of the models for other tasks that are carried out before a complete,quantitative specification is available.Symbolic simulation of semiconductor processing is also employed in a systemreported in [96]. This system checks newly designed manufacturing plans for violationsof rules regarding safety and standard operating procedures. The system requires arepresentation of wafer state in order to check rules concerning constraints betweenwafer state and process or equipment. As in our system, it uses a rule-based simulator tocreate a representation of the wafer state at the start of each step from a representation ofthe manufacturing plan. However, their system uses representations of wafer state andprocessing steps that are even simpler than those we employ. They do not differentiatebetween different regions on the wafer surface. Instead, they consider that they needonly keep track of what layers have been added to the wafer, and whether or not theselayers have been patterned. Thus, their representation of the entire wafer is a simplestack of layers annotated with information regarding material, thickness, doping, andwhether each layer has been patterned by a mask (or by a process that transfers a patternbetween layers).They are not concerned with extracting causal relationships between themanufacturing plan and the wafer state. Thus, their models of semiconductor operationsare simple rules that directly specify the impact of the operation on their representationof wafer state. These simulation rules, furthermore, are quite specific to processingcontexts. For example, one rule treats implantation into the polysilicon layer. This rule isonly applicable if the wafer has a polysilicon layer exposed at the surface, and the

154Chapter 8: Related Workimplantation energy is not sufficient to penetrate the wafer beyond that layer. Ratherthan a few general-purpose models, they employ about 50 specific simulation rules.This work exemplifies the efficacy of symbolic reasoning with highly abstractmodels tailored to the needs of the task to be performed. It also confirms our positionthat an important use of computer systems is to manage the complexity stemming solelyfrom the length of manufacturing plans: most of the errors found by the system aresimple and obvious, but difficult for process engineers to spot due to the mass of detailand the distance in long process flows between steps that can interact.There is much work going on � especially at Stanford, but also elsewhere �aimed at constructing highly accurate quantitative process simulators based on the bestavailable knowledge of the physics and chemistry involved in the processes. These�physically-based� simulators use grid techniques to solve the systems of partialdifferential equations that model this physics [34, 35, 97-101]. The simulators operate at avery fine level of granularity and are consequently very computationally expensive. Thefocus in this work is to achieve a high degree of accuracy in simulation, and by beingsufficiently comprehensive in capturing all relevant physical phenomena, to producesimulators that can reliably predict the behaviour of the processes over a wide range ofoperating conditions.Figure 8.1 portrays some representative systems as �information transformers.�The notion here is that these systems compute mappings between different levels ofdescription. The sizes of the arrows in the diagram reflect the relative utility of theseprograms for transforming information in the forward and reverse direction.Quantitative simulators are best suited to computing these mappings in the forward, orpredictive direction. For example, the SUPREM simulator computes a highly precise andaccurate description of the state of the wafer after processing, from a description of themicro-environment created at the surface of the wafer during processing. Sincesimulators can only run in this forward direction, obtaining the inverse transformation isa trial-and-error process.

8.3. Modeling Manufacturing155

Figure 8.1 Semiconductor Computer Tools as Information Transformers

Levels of Description

StatisticalCharacterization

EquipmentSettings

MachineState

Processm-Environment

WaferState

DeviceBehaviour

CircuitBehaviour

Numeric

Analytic

Qualitative

Precision

Spice

Pisces

SPEEDIE

SUPREM

Fabrics

Merlin

DAS

Diagnosis

Monitoring&Diagnosis

Design &Optimization

RTM Guardian

Roles

PIES

156Chapter 8: Related WorkComputing the inverse transformation is best achieved with symbolictechniques. With DAS, for example, a forward simulation is performed to assimilate themanufacturing plan. However, this simulation is neither very precise nor highlyaccurate. Once the plan has been so assimilated, the dependencies recorded duringsimulation can be used to compute the inverse transformation: from a description ofwafer state, determine the conditions of processing that led to it.The complimentary character of the strengths of quantitative and symbolictechniques suggest a possibility for synergy. During diagnosis symbolic techniques canbe used to generate hypotheses that can then be verified with quantitative simulation.The AESOP work [11] represents another approach to achieving robustness in acausal-association based system. In this work, a set of statistical experiments wereperformed using the physically-based numerical simulators SUPREM and PISCES as asubstitute for the real world. Response surface methods were used to characterize theoverall input/output behaviour of the manufacturing process. From the resultingresponse surface, causal associations were extracted. Paradoxically, although the sourceof the knowledge is the theory embodied in the simulators, the content and form of theknowledge captured in the knowledge base is experiential: it encodes a set ofexperiences with the simulators, but doesn�t explicitly encode any of the theory behindthose experiences.This illustrates another way to employ fine-grained theoretical knowledge toachieve robustness. The advantage of this approach is that it is based on the besttheoretical knowledge available in computer-encoded form. As we pointed out inChapter 4, mathematical models solved by numerical techniques are better able tocapture many complex phenomena for which we do not yet know how to makesymbolic reasoning effective. Further, the accuracy of the simulators avoids some errors(effectively quantization errors) that abstract, simplified models are subject to.This method also has some disadvantages. Instead of a single, symbolicsimulation to assimilate the process, the method requires a large number ofcomputationally expensive numerical simulations. For this reason, the number of inputand output variables that can be studied is limited. Also, this method treats the entireprocess as a �black box.� This leads, as we have seen, to a less densely connected causalgraph, because internal points of interaction are not identified. The example we

8.3. Modeling Manufacturing157discussed in Chapter 3 and Chapter 6 illustrates this: the AESOP knowledge baseassociated under-etching during the polysilicon gate etch step directly with an increasedchannel length. The intermediate anomaly of an increase in the width of the polysiliconwire forming the gate was not identified. This implies that the hypothesis that under-etching is responsible for an increased channel length cannot be verified by othermanifestations of the increased width in the polysilicon wire. Finally, this method is stillfairly labour intensive and computationally expensive. The variables of interest must beselected, the experiments designed and run, and the results of the simulations must bemanually encoded as causal associations. As an example, the AESOP knowledge baserelated only 6 processing variables to 6 physical structure variables and 20 measurementvariables (each variable assumes four or five values). This required 1100 simulations (1-dimensional SUPREM-III and 2-dimensional PISCES simulations) and 61 CPU hours ofcompute time on a Convex C1 mini-supercomputer.8.4. Semiconductor Process RepresentationThis work touches on the problem of serving the needs of all tasks that require adescription of the semiconductor manufacturing process with a single, unifiedrepresentation of it. This is an area of much active research.Early efforts in this area took a linguistic approach. This approach stresses thesimilarity between manufacturing plans and software programs, and emphasizes therole of the representation as a set of instructions for carrying out the manufacturingprocess. The FABLE project [38] used an imperative procedural ALGOL-like language. Itidentified several levels of description and took macro-expansion as the model for therelationship between these levels. The higher levels of description were concerned withthe purpose of each operation. The lower levels successively added detail concerninghow to accomplish that purpose. The Berkeley Process Flow Language (BPFL) [40, 41,102] also takes a linguistic approach. However, their LISP-based language is better ableto accomodate the information requirements of multiple tasks.The programming metaphor is powerful, but also confining. There are manyactivities requiring a process representation for which the �set of instructions� view isnot appropriate. The support of such activities as analysis, real-time process control,scheduling and planning require the inclusion of information that does not readily find aplace in such a representation. The primary operations associated with programs aresyntax checking, transformation (macro-expansion and compilation) and execution.

158Chapter 8: Related WorkByron Davies [43] did a careful study of the myriad kinds of information that aprocess representation must include in order to support multiple tasks. Duane Boningdeveloped a general framework for organizing information about semiconductormanufacturing processes [103]. He and George Koppelman have outlined therequirements for a semiconductor process representation [104].The major alternative to the linguistic approach is the object-oriented approach[48]. This approach was eventually adopted by the FABLE project at Stanford [39]. TheManufacturing Science Program there has adopted the Distributed Information Service(DIS) [36] as its vehicle for research in this area, and developed the Specification Editor[105, 106] based on it. The Process Flow Representation (PFR) of the MIT Computer-Aided Fabrication Environment (CAFE) [45] also uses this approach. The approach issimilar to the AI notion of a framed-based knowledge representation. Computationalobjects are employed to represent all the objects of interest in the semiconductor world.In addition to process flows, this can include pieces of equipment, personnel, wafers,wafer lots, instances of fabrication runs, test programs, inspection and measurementdata, device designs and simulation results. Objects have slots that can containdescriptive information or represent relationships to other objects. They are organizedinto type hierarchies, and information can be inherited from objects higher in the typehierarchy to objects lower in it.The efficacy for process representation of the object-oriented approach wasdemonstrated by Jack Wenstrand [47, 107], who showed that inheritance and reuse ofobjects significantly reduces the effort needed to specify a manufacturing process, andthat the same representation could be used both to generate a runsheet for the factoryfloor and an input deck for a simulator. Don Basile [51] has investigated the issue ofrepresenting the special timing and flow control information associated withsemiconductor manufacturing within this framework.The object-oriented approach, with a client-server architecture and persistentstorage for the objects, is the approach being investigated as a possible standard for thesemiconductor industry by the CAD Framework Initiative Technology CADSemiconductor Process Representation Working Group [42, 46, 108], which emphasizescomputer-aided design for manufacturing processes, and by the MicroelectronicsManufacturing Science Technology (MMST) program [109] and SEMATECH [110],which emphasize computer-integrated manufacturing.

8.5. Model Selection1598.5. Model SelectionChapter 5 contains a brief discussion of the issue of how the semiconductor processrepresentation (SPR) required by a particular application can be extracted from theunified SPR. The solution advocated there treats the problem as one of model selection.That is, the problem is reduced to identifying the appropriate application-specific modelfor each object in the unified SPR. The approach to model selection described there isvery flexible, allowing for the possibility that different applications can handle thisproblem in different ways. However, the primary method suggested was to rely on theabstract classifications of the step to indicate the appropriate model.As mentioned in Chapter 5, the MIT CAFE [45] system adopts a differentapproach. It attempts to identify the correct way to model each step by looking only atthe step�s parameters. Our model selection approach is sufficiently flexible that bothmethods can be used. The same application can even employ different methods indifferent parts of the process. In particular, the MIT approach can be used to resolveambiguous model assignments in the step classification approach.Both these approaches assume that there is an appropriate model that can beidentified before the application begins to execute the model. This may not always bethe case. It may not be possible to correctly identify the most appropriate model untilsome reasoning (or computation) has been performed. Sanjaya Addanki, RobertoCremonini and Scott Penberthy [111] have addressed this issue. They introduced thenotion of a �graph of models.� In their scheme, an initial model is identified and appliedto the problem-solving task. During this application, it can become clear that the modelis inadequate to solve the problem. An external conflict occurs when the model�spredictions disagree with empirical evidence. Another way for inadequacy of the modelto manifest itself is that the model generates contradictory conclusions. This is called aninteral conflict.For example, in our situation the model is a description of the how the effects ofa processing step are determined by the state of the wafer and the processing conditions.Generally, the model is given descriptions of both the initial wafer state and processingconditions, and the expected outcome of processing (in the form of constraints attachedto the step). If the model is not adequate, it may conclude that the effects of theprocessing step are different from those expected. The validity of a model is predicatedon the truth of modeling assumptions associated with the model. Another way for the

160Chapter 8: Related Workapplication of the model to generate a contradiction is for it to conclude that thesituation violates a modeling assumption. For example, a model of an oxidation stepmight assume that the oxide thickness never reaches the stage where the process istransport limited, and so a linear model of the growth rate is acceptable. However, usingthat linear model the system might predict that the oxide reaches a thickness for whichthe oxidation process would be transport limited.When the model proves inadequate to the task, the system should seek toidentify a more appropriate model. In the graph-of-models approach, the models arerelated to each other in a graph. The models are adjacent (connected to each other) in thegraph if they are alternate models for similar situations. The arcs of the graph areannotated with information that helps to decide which alternate model to try next basedon the nature of the failure. In particular, the arcs are labelled with the modelingassumptions that have to be changed in order to move from one model to the other. Inthe graph-of-models methodology, the simplest (having the greatest number ofsimplifying assumptions) apparently appropriate model is attempted first. Based on thenature of the failure of this model to solve the problem, assumptions are relaxed andincreasingly more complex models are then attempted in succession until one is foundthat proves adequate.The graph-of-models approach still requires that there are models for everysituation explicitly represented before the situation to reasoned about is presented. Aswe saw in the discussion of diffusion models in Chapter 4, for some domainscombinatorics in the characteristics of the problems can make the space of possiblemodels extremely large: sufficiently large to make an explicit representation of allmodels impractical. Brian Falkenhainer and Ken Forbus [112] and Pandu Nayak [113]and have investigated methods by which the most appropriate model is assembled frommodel fragments. In this way the space of possible models is represented implicitly byall the possible ways that model fragments can be composed into models.The key notions are that it is possible to define model fragments that can becombined to form models, modeling assumptions and constraints can be associated withthese fragments and features of the problem can be used to direct the search for anappropriate combination of model fragments. The model fragments are organized intoequivalence classes based whether they make contradictory assumptions (if two modelfragments make inconsistent assumptions then only one of them can be included in a

8.5. Model Selection161model at any given time). The model fragments are partial descriptions of phenomena.A relation over them indicates for each model fragment what classes of model fragmentscan be used to complete them. The features of the problem that constrain the selection ofmodel fragments include constraints from the structure of the system and the behaviourof the system as determined by an initial model. In the work of Falkenhainer andForbus, the problem to be solved takes the form of a query from the user and the termsemployed in the query provide additional constraints on the adequacy of a model. In thework of Nayak, the problem to be solved is always to provide a causal explanation ofthe system�s behaviour. Thus, the expected behaviour provides additional motivationfor and constraints on the inclusion of model fragments.The domain of application for model fragments is physical systems describableby sets of algebraic or differential equations in real variables. The model fragments arethemselves sets of equations that partially describe a phenomenon.Our discrete action models of semiconductor manufacturing operations can becomposed sequentially to form a model of the manufacturing plan. Also, the individualmodels are partly determined by composition in that the parameters, effects andconstraints of a model are formed by a cumulative inheritance mechanism. The set ofsentences that comprise the effects description of a discrete action model include thoselocal to the model as well as those of all its ancestors in the hierarchy. However, it is notpossible to combine two or more action models, e.g. a diffusion model and an oxidationmodel, to obtain a single model in which the effects of all the models operateconcurrently (e.g. a model of oxidation enhanced diffusion).To achieve compositional modeling of discrete actions, one must combinedeclarative sentences concerning topological changes to wafer structure. This isconsiderably more difficult than combining equations. With equations, model fragmentsinteract only through shared variables. Model fragments describing phenomena thatwould interact in a more complex fashion are excluded from being composed by virtueof the fact that they make contradictory assumptions � each assumes that theinterfering phenomenon from the other model is not occurring. It is necessary to have aseparate model fragment that encapsulates the interaction between the phenomena.Given that model fragments in the discrete action world would have sentencesreferring to the creation and destruction of individuals, and thus to changes in the

162Chapter 8: Related Worktopological arrangements among individuals, it is an interesting question as to how anytwo model fragments affecting overlapping sets of individuals could be written so as notto assume that the other model cannot be operating simultaneously. While it is notobvious how this could be achieved, neither is it obvious that it cannot be.The work of Janet Murdock [114] goes one step further. In all prior work onmodel-based reasoning, including the work on compositional modeling, the set ofindividuals whose behaviour is to be modeled is determined a priori and fixed. Thesystem to be reasoned about is decomposed into a set of interconnected and interactingdiscrete individuals. Murdock points out that in many cases the underlying physicalsystem is continuous and the most appropriate way to perform this decompositiondepends on the nature of the problem being solved. This can include the nature of thequestion being asked and the behavioural state of the system. For example, a pipe in achemical plant might be considered an atomic individual in some circumstances, and acomposition of several connected sub-pipes in another. Murdock provides a mechanismfor performing this individuation automatically as an integral part of model-building.This requires that the reasoning system maintain a representation of the continuousphysical geometry of the system being reasoned about that it can �carve up� intoindividuals as needed to support its reasoning task.Our discrete action models of semiconductor manufacturing operations alsoindividuate on the fly � an initially homogenous wafer is sub-divided laterally byphotolithography operations and vertically by implantation operations. However, theydo not entertain different views of the individuation as needed. Once a individual issub-divided, it remains sub-divided even when it would make more sense to consider itas an undivided whole. For example, when a �blanket layer� is deposited on the wafer,it makes sense to consider the wafer and the deposited layer as single individuals,regardless of whether the wafer has been sub-divided by previous photolithographyoperations. Instead, the discrete action system considers the deposited layer to becomposed of a set of layer-regions, each corresponding to a distinct region-type on thewafer. Furthermore, to simplify the representation of geometry, the discrete actionmodels sub-divide layer-regions unnecessarily. Photolithography operations cause alllayers to be sub-divided, in anticipation of the possibility that because the photoresist atthe surface of the wafer is differentiated, all layers below it may eventually seedifferential processing.

Chapter 9. ConclusionsThis chapter discusses some potential avenues of future research. It then brieflysummarizes the dissertation and reiterates the contributions of the research.9.1. Future WorkWe have focussed on the form and content of the knowledge required to performdiagnosis of semiconductor manufacturing processes. We have omitted discussion ofdiagnostic strategies. Diagnostic strategy is a non-trivial research topic to which manyhave applied their minds [5, 53]. An obvious direction in which to extend this work is toincorporate the ideas that have been developed in the area of diagnostic strategies, andto investigate whether this problem domain requires the development of new strategies.The experiential causal associations include a qualitative, subjective measure oflikelihood or certainty. The theoretical models implicitly assume the world isdeterministic. There is a need to investigate how statistical information and uncertainreasoning can be incorporated into the diagnosis. Statistical information regarding thefrequency of different classes of failures can be used to help order the diagnostichypotheses. Also, statistical and information theoretic concepts can be used to assess thereliability of the data on which diagnoses are to be based [115, 116]. It would also beinteresting to consider whether symbolic models can be extended to include stochasticas well as deterministic notions of causality.The discussion of the diffusion model in Chapter 4 points up the need to discoverways to achieve compositionality in discrete action models. When describing qualitativecriteria for topological changes to wafer structure within the discrete action paradigm,are there conceptualizations that would allow for a superposition principle? The bond-graph and Qualitative Process Theory paradigms are already capable of compositionalmodeling. Is there a useful level of abstraction at which these techniques can apply inthis domain? How can the techniques for qualitative modeling be extended to treatsystems characterized by partial differential equations?

164Chapter 9: ConclusionsIt is probably unreasonable to expect that symbolic reasoning techniques will bedeveloped for the systems characterized by partial differential equations. AI techniquesgenerally attempt to achieve the competence demonstrated by human reasoners, andusually lag far behind them. There is little evidence that people can reason qualitativelyabout such systems. It is interesting to note how people do handle them, and how thiscompares with the DAS simulator.The DAS simulator is not often employed as a predictor of behaviour. Instead, itis given information about the outcome of each action, and it builds a causal explanationfor the expected outcome. This, I believe, is how people tend to operate when faced withcomplex systems. They employ numerical techniques and experiments to formpredictions, then use their conceptual understanding to interpret the results. Theirqualitative conceptual knowledge is not used to predict, but rather to rationalize.This suggests that a better way to perform symbolic simulation is not to simulatesymbolically at all. Rather, the system should be simulated quantitatively, and thesymbolic models used to generate a post-hoc rational reconstruction of the result.In the chapter on related work, we briefly discussed Janet Murdock�s work oncontext-dependent individuation. Context-dependent individuation demands that therebe a �basic� representation that makes a minimal number of ontological commitmentsconcerning individuation, and that accurately describes the three-dimensional geometryof the system. When employing symbolic reasoning as a rationalizer/explainer fornumerically computed predictions, the fine-grained gridded representation used by thenumerical simulator could serve as the basic representation. The symbolic �rationalizer�would then be free to choose the manner in which that representation should bequantized and individuated on the basis of the needs of the models being used toconstruct the explanation.One difficulty with this approach is that it subsumes a version of the visualperception problem. The system must be able to use its models to perceive a huge arrayof numbers as a configuration of larger individuals. However, the quantitativerepresentations of wafer structure are not as undifferentiated as the image data incomputer vision: the points in the representation are already identified as to material, forexample. Also, unlike the visual perception problem, there is no loss of information dueto projection of the three-dimensional world into two dimensional images.

9.2. Summary and Contributions1659.2. Summary and ContributionsThis dissertation is about representing knowledge concerning semiconductormanufacturing that can support symbolic end-to-end diagnosis of stable semiconductorprocesses in a manner that enables automatic adaptation of the knowledge base to newprocesses and test structures.Previous work in this domain has relied on experiential knowledge captured inhand-crafted heuristic rules. The main drawback of this approach has been that suchknowledge is not amenable to automatic adaptation to new contexts. Thus, the principleconcern of this work has been to address this drawback: to represent the knowledge in afashion that is robust in the face of changes to the manufacturing process and/or to thestructures used to characterize and test the success of the process.Our solution to this problem has two principle aspects :1)We represented theoretical knowledge concerning semiconductor manufacturingin the form of declarative, causal models. These models are capable ofassimilating a description of the process to be diagnosed and descriptions of thedevices and test-structures in the form of the masks used to create them, andcreating from these a representation of the causal pathways of the process thatcan support diagnostic reasoning.2)We represented experiential diagnostic knowledge concerning phenomena thatlie outside the realm of the theoretical knowledge captured in our models. Toenable adaptation of this knowledge to new processes and test-structures, wedeveloped a new representation, called the Generic Rule, to integrate experientialknowledge and theoretical knowledge. Generic Rules use theoretical knowledgeto describe how the inferences sanctioned by the experiential knowledge dependon the manufacturing plan and the devices and test-structures.Semiconductor manufacturing processes are extremely complex in two differentsenses of the word. One sense of the word refers to the complexity of each individualmanufacturing operation. This aspect of complexity makes it difficult to model themanufacturing operations accurately, or to define abstract levels of description that donot discard too much information. The other sense of the word refers to the length of themanufacturing plan, the large number of variables that characterize it, and themultiplicity of ways that operations which are temporally remote can interact. We havefocussed on dealing with the latter form of complexity, taking advantage of theproficiency with which computers can manage large amounts of data and systematicallytrack large numbers of relationships among them.

166Chapter 9: ConclusionsOur focus on the latter form of complexity enables us to employ highly abstractmodels of the manufacturing operations. Indeed, a high level of abstraction is necessaryto make diagnostic reasoning tractable. However, the fact of the first form of complexitymeans there is always a strong tension between abstraction on the one hand andaccuracy and generality on the other. The ontological commitments one makes in thename of simplification for tractability of reasoning severely limit the scope ofphenomena that can be adequately captured in a general way. We have tried to walk thetightrope between oversimplification and excessive complexity, defining symbolic,qualitative discrete action models of the semiconductor manufacturing operations thatmost affect the geometry and topology of the structures produced on the wafer.Experiential knowledge is usually represented at even higher levels abstractionand granularity, in modular heuristic rules. Yet these representations can capture awider range of phenomena. The cost engendered by this approach is a lack of generality,and a concommitent lack of robustness.To simultaneously maximize the range of phenomena that can be represented(what we call Phenomena Scope) and maximize the range of contexts for which theknowledge is valid (what we call Situation Scope), we combine the features of model-based representation of general theories with rule-based representation of experientialknowledge in a synergistic manner. The high level of abstraction and coarse granularitythat afford flexibility to heuristic rules is retained, augmented by representations basedon theoretical knowledge, at a lower level of abstraction and a finer granularity, of thecriteria determining when and among which individuals the inference sanctioned by therules are valid in new contexts.We have performed several experiments to evaluate our approach. We havecreated 15 generic rules to generalize the causal associations contained in the AESOPknowledge base regarding the Stanford CMOS process. A simplified version of thisprocess was qualitatively simulated, and the resulting causal dependency network wasused to find instances of the generic rules. In this way we assured ourselves that therules captured the knowledge in the original AESOP knowledge base. All but one of theAESOP causal associations were recovered in this way, and about twenty additionalassociations were found. Furthermore, some of the causal associations were representedby chains of up to three associations, thereby making explicit the intermediate statesinvolved in the phenomena.

9.2. Summary and Contributions167 We also successfully extracted a representation of the Stanford BiCMOS processfrom the Distributed Information Server, and qualitatively simulated that process usingour theoretical models. The resulting dependency network was employed both to findinstances of the generic rules, and to perform several diagnoses. These diagnosesextended to the process level the diagnoses performed by Greg Freeman�s MERLINsystem.Over 500 instances of the generic rules pertaining to the BiCMOS process wereobtained. Of these, the validity of roughly one third of the associations is questionable.Some of the associations are invalid because the generic rules ignore sensitivity of thefunctional dependency involved. In some cases this sensitivity may be so small as tomake the effect negligible. A larger number are invalid because of an incorrectassessment of the mechanism responsible for the phenomena that gave rise to theoriginal associations. Despite these shortcomings, we believe that we have demonstratedthat the techniques can be successfully employed to improve the robustness of therepresentations of experiential knowledge.There is no sign on the horizon that the rapid pace of development in thesemiconductor industry will abate, and the trend is inexorably toward ever longer andmore complex manufacturing processes. Improvements in the ability to measure andcontrol the effects of individual processing operations will reduce the need for diagnosisat the whole-process level, and may enable even more abstract representations to sufficefor diagnosis at that level. However, there will always be a need to keep track of thecomplex ways that manufacturing operations can interact. As manufacturing processesget longer it will become more important to do this in a systematic way, employingcomputer tools such as are represented by this work and future extensions of it.

References1.Mohammed, J.L. and P. Losleben, Applications of Artificial Intelligence toSemiconductor Modeling. (Technical Report No. KSL-93-63). 1993. KnowledgeSystems Laboratory, Stanford University.2.Bobrow, D.G., ed. Qualitative Reasoning About Physical Systems. 1985, Cambridge,MA: MIT Press.3.Davis, R., Diagnostic reasoning based on structure and behavior. ArtificialIntelligence, 1984. 24: p. 347—410.4.Freeman, G.G. and W. Lukaszek, MERLIN: an automated IC process diagnosis toolbased on analytic device models, in The Stanford BiCMOS Project, J.D. Shott, Editor.1990, Stanford University. p. 197—220.5.Freeman, G.G., Application of Analytic Models to Computer-aided IC Device Diagnosisand Parametric Test Selection. Ph.D. thesis, 1991. Stanford University.6.Mohammed, J.L. and R.G. Simmons, Qualitative Simulation of SemiconductorFabrication, in AAAI-86. Held: Philadelphia, PA, August 11—15, 1986. 1986, USA:Morgan Kaufman. p. 794—9.7.Simmons, R.G. and J.L. Mohammed, Causal Modeling of Semiconductor Fabrication.Artificial Intelligence in Engineering, 1989. 4(1): p. 2—21.8.Mohammed, J.L. and P. Losleben, Process Representation and Model Selection.(Manufacturing Science Technical Note Series, Paper No. 2). 1992. StanfordIntegrated Circuits Laboratory.9.Mohammed, J.L. and P. Losleben, Representation of Mask Information in the MKSProcess Representation. (Manufacturing Science Technical Note Series, Paper No.1). 1992. Stanford Integrated Circuits Laboratory.10.Pan, J.Y.-C. and J.M. Tenenbaum, PIES: An engineer�s do-it-yourself knowledgesystem for interpretation of parametric test data. AI Magazine, 1986. 7(4): p. 62—9.11.Dishaw, J.P. and J.Y.-C. Pan, AESOP: a simulation-based knowledge system forCMOS process diagnosis. IEEE Transactions on Semiconductor Manufacturing,1989. 2(3): p. 94—103.

References16912.Hayes-Roth, F., D.A. Waterman, and D.B. Lenat, Building Expert Systems.Teknowledge series in knowledge engineering, 1983, Reading, MA: Addison-Wesley Publishing Company. 444.13.Weiss, S.M., C.A. Kulikowski, and A. Safir, A model-based consultation system forthe long-term management of glaucoma., in International Joint Conference on ArtificialIntelligence. Held: Cambridge, MA, 1977, USA: Morgan Kaufman. p. 826—832.14.Simmons, R.G., Representing and Reasoning About Change in Geologic Interpretation.(AI Technical Report No. 749). 1983. MIT.15.Iwasaki, Y. and H.A. Simon, Causality and model abstraction. Artificial Intelligence,1994. 67(1): p. 143—94.16.Patil, R.S., P. Szolovits, and W.B. Schwartz, Causal understanding of patient illnessin medical diagnosis., in Proceedings of the Seventh International Joint Conference onArtificial Intelligence. 1981, International Joint Conferences on ArtificialIntelligence, Inc. p. 893—899.17.de Kleer, J. and J.S. Brown, A qualitative physics based on confluences. ArtificialIntelligence, 1984. 24: p. 7—83.18.Forbus, K.D., Qualitative process theory. Artificial Intelligence, 1984. 24: p. 85—168.19.Kuipers, B., Qualitative Simulation. Artificial Intelligence, 1986. 29: p. 289—338.20.Genesereth, M.R., The use of design descriptions in automated diagnosis, in QualitativeReasoning About Physical Systems, D.G. Bobrow, Editor. 1985, Cambridge. MA:The MIT Press. p. 411—436.21.Barrow, H.G., VERIFY: A program for proving the correctness of digital hardwaredesigns, in Qualitative Reasoning About Physical Systems, D.G. Bobrow, Editor.1985, Cambridge, MA: The MIT Press. p. 437—492.22.Mendelson, E., Introduction to Mathematical Logic. 1964, Princeton, NJ: D. VanNostrand. .23.McCarthy, J. and P.J. Hayes, Some philosophical problems from the standpoint ofArtificial Intelligence. Machine Intelligence, 1969. 4: p. 463-502.24.Shoham, Y., Chronological Ignorance: Experiments in Nonmonotonic TemporalReasoning. Artificial Intelligence, 1988. 36: p. 279-331.25.Weyhrauch, R.W., Prolegomena to a theory of mechanized formal reasoning. ArtificialIntelligence, 1980. 13: p. 133-170.26.Roussel, P., Prolog: Manuel de reference et d�utilisation. 1975. Groupe d�IntelligenceArtificielle, Marseille-Luminy.

170References27.Warren, D.H.D., Logic Programming and Compiler Writing. (Res. Rep No. 44). 1977.Dept. of Artificial Intelligence, University of Edinburgh.28.Simmons, R.G., �Commonsense� Arithmetic Reasoning, in AAAI-86. Held:Philadelphia, PA, 1986, Morgan Kaufman. p. 118—124.29.McAllester, D., The Use of Equality in Deduction and KnowledgeRepresentation. (AI Technical Report No. 550). 1980. Massachusetts Institute ofTechnology.30.Chapman, D., Planning for Conjunctive Goals. (Artificial Intelligence TechnicalReport No. 802). 1985. Massachusetts Institute of Technology.31.Fikes, R.E. and N.J. Nilsson, STRIPS: A new approach to the application of theoremproving to problem solving. Artificial Intelligence, 1971. 2: p. 189-208.32.Sacerdoti, E.D., A structure for plans and behavior. (Technical Note No. 109). 1975.AI Center, SRI International Inc., Menlo Park, CA.33.Goosens, R.J.G. and R.W. Dutton, Device CAD in the 90�s: At the Crossroads,inIEEE Circuits & Devices Magazine. 1992, . p. 18—26.34.Law, M.E., C.S. Rafferty, and R.W. Dutton, SUPREM—IV. (Technical Report) 1988.Stanford Electronics Laboratories, Stanford University, Stanford, CA.35.McVittie, J.P., et al., SPEEDIE: Simulation of Profile Evolution During Etching andDeposition, in SPIE Symposium on Advanced Techniques for Integrated CircuitsProcessing. 1990, p. 126-138.36.Glicksman, J., DIS: The Distributed Information Service. (Reference and User�sGuide, Version No. 2.0). 1992. Enterprise Integration Technologies.37.Strojwas, A.J. and S.W. Directory, The process engineer�s workbench. IEEE Journal ofSolid State Circuits, 1988. 23(2): p. 377-386.38.Ossher, H.L. and B.K. Reid, FABLE: A programming language solution to IC processautomation problems. ACM-SIGPLAN Notices, 1983. 18(6): p. 137-148.39.Davies, B., et al., FABLE: Knowledge For Semiconductor Manufacturing. 1987, TheCenter for Integrated Systems, Stanford University (Unpublished).40.Williams, C.B. and L.A. Rowe, The Berkeley Process-Flow Language: ReferenceDocument. (Report No. UCB/ERL M87/73). 1987. Electronics ResearchLaboratory, University of California, Berkeley.41.Williams, C.B., Design and Implementation of the Berkeley Process-Flow LanguageInterpreter. (Master�s Thesis No. UCB/ERL M88/72). 1988. Electronics ResearchLaboratory, University of California, Berkeley.

References17142.SPR Working Group of the CAD Framework Initiative TCAD TSC, SemiconductorProcess Representation Requirements. (CFI Document No. TCAD-91-G-4). 1992.CAD Framework Initiative, Inc.43.Davies, B., Process Specification and Process Knowledge in SemiconductorManufacturing. Ph.D. thesis, 1991. Stanford University.44.McIlrath, M.B. and D.S. Boning, Integrating process design and manufacture using aunified flow representation, in Second International Conference on Computer IntegratedManufacturing. Held: Troy, NY, 1990, IEEE Computer Society Press, LosAlamitos, CA. p. 224—230.45.McIlrath, M.B., et al., CAFE�the MIT Computer-Aided Fabrication Environment.IEEE Transactions on Components, Hybrids, and Manufacturing Technology,1992. 15(3): p. 353—60.46.SPR Working Group of the CAD Framework Initiative TCAD TSC, CurrentConcepts in Semiconductor Process Representation. (CFI Document No. TCAD-91-T-2). 1991. CAD Framework Initiative, Inc.47.Wendstrand, J.S., An Object-Oriented Model for Specification, Simulation, and Designof Semiconductor Fabrication Processes. (Thesis No. ICL91-003). 1991. StanfordElectronics Laboratories, Stanford University.48.Pan, J.Y.-C., J.M. Tenenbaum, and J. Glicksman, A framework for knowledge-basedComputer Integrated Manufacturing. IEEE Transactions on SemiconductorManufacturing, 1989. 2(2): p. 33—46.49.Schmolze, J.G. and T.A. Lipkis, Classification in the KL-ONE KnowledgeRepresentation System, in International Joint Conference on Artificial Intelligence.Held: Karlsruhe, Germany, 1983, William Kaufman, Inc., Los Altos, CA. p. 330-332.50.Shott, J., Overview of the Stanford BiCMOS Process. 1988, Integrated CircuitsLaboratory, Stanford University (unpublished).51.Basile, D., Flow Control for Object-Oriented Semiconductor Process Representations.(Thesis No. ICL No. 92-018). 1992. Integrated Circuits Laboratory, StanfordUniversity.52.de Kleer, J., Local methods for localizing faults in electronic circuits. (Memo No. 394).1976. MIT Artificial Intelligence Laboratory.53.de Kleer, J. and B.C. Williams, Diagnosing multiple faults. Artificial Intelligence,1987. 32(1): p. 97—130.54.Hamscher, W.C., Modeling digital circuits for trouble-shooting. ArtificialIntelligence, 1991. 51(1—3): p. 223—71.

172References55.Williams, B.C., Qualitative analysis of MOS circuits. Artificial Intelligence, 1984. 24:p. 281—346.56.First, M.B., et al., LOCALIZE: Computer-assisted localization of peripheral nervoussystem lesions. Computers and Biomedical Research, 1982. 15(6): p. 525—543.57.Uckun, S., B.M. Dawant, and D.P. Lindstrom, Model-based diagnosis in intensivecare monitoring: the YAQ approach. Artificial Intelligence in Medicine, 1993. 5(1): p.31—48.58.Ursino, M., G. Avanzolini, and P. Barbini, Qualitative simulation of dynamicphysiological models using the KEE environment. Artificial Intelligence in Medicine,1992. 4(1): p. 53—73.59.Weinberg, J.B., G. Biswas, and L.A. Weinberg, Adventures in qualitative modeling�a qualitative heart model, in IEEE International Conference on Systems, Man andCybernetics. Held: Cambridge, MA, USA, 14—17 November 1989. 1989, USA: IEEE.p. 1003—8.60.Hunt, J.E. and et al, Applications of qualitative model-based reasoning. ControlEngineering Practice, 1993. 1(2): p. 253—66.61.Fruchter, R. and et al, Qualitative Modeling and analysis of lateral load resistance inframes. Artificial Intelligence for Engineering Design, Analysis andManufacturing � AI EDAM, 1993. 7(4): p. 239—56.62.Saarela, O., Model-based control of power plant diagnostics. International Journal ofElectrical Power & Energy Systems, 1993. 15(2): p. 101—8.63.Feray-Beaumont, S.E., et al., Qualitative modelling of distillation columns, inAdvanced Control of Chemical Processes � ADCHEM. Held: Toulouse, France, 14—16 October 1991. 1991, UK: Pergammon. p. 191—6.64.Hangos, K.M., Z. Csaki, and S.B. Jorgensen, Qualitative model-based intelligentcontrol of a distillation column. Engineering Applications of Artificial Intelligence,1992. 5(5): p. 431—40.65.Pan, J.Y.-C., Qualitative reasoning with deep-level mechanism models for diagnoses ofmechanism failures, in CAIA-84. Held: Denver, CO, 1984, .66.Hamilton, T.P., HELIX: a helicopter diagnostic system based on qualitative physics.International Journal for Artificial Intelligence in Engineering, 1988. 3(3): p. 141—50.67.Keller, R.M., et al., Compiling Special-Purpose Rules from General-Purpose DeviceModels. (Technical Report No. KSL-89-49). 1989. Knowledge Systems Laboratory,Stanford University.

References17368.Scarl, E., J.R. Jamieson, and C.I. Delaune, A fault detection and isolation methodapplied to liquid oxygen loading for the space shuttle, in IJCAI-85. Held: Los Angeles,CA, 1985, San Mateo:Morgan Kaufman. p. 414—416.69.Hofmann, M.O., T.L. Cost, and M. Whitley, Model-based diagnosis of the SpaceShuttle Main Engine. Artificial Intelligence for Engineering Design, Analysis andManufacturing � AI EDAM, 1992. 6(3): p. 131—48.70.Hofmann, M.O. and T.L. Cost, Model-based rocket engine diagnosis, in FourthInternational Conference on Industrial and Engineering Applications of ArtificialIntelligence and Expert Systems. IEA/AIE-91. Held: Kauai, HI, USA, 2—5 June 1991.1991, USA: Univ. Tennessee Space Inst. p. 266—74.71.Chen, S.-s., QUASI: A QUalitative Analysis of Surface and Interface program formicroelectronic materials processing, in Applications of Artificial Intelligence VIII.Held: Orlando, FL, USA, April 17—19, 1990. 1990, USA: Proceedings of the SPIE�The International Society for Optical Engineering 1293, pt. 2. p. 972—83.72.Hamscher, W., Model-based reasoning in financial domains. Knowledge EngineeringReview, 1992. 7(4): p. 323—43.73.Farley, A.M. and K.-P. Lin, Qualitative reasoning in microeconomics: an example, inDecision Support Systems and Qualitative Reasoning. Proceedings of the IMACSInternational Workshop. Held: Toulouse, France, 13—15 March 1991. 1991,Netherlands: North-Holland. p. 303—6.74.Karakoulas, G.J., Diagnostic reasoning about an economic system: a model-basedapproach, in Decision Support Systems and Qualitative Reasoning. Proceedings of theIMACS International Workshop. Held: Toulouse, France, 13—15 March 1991. 1991,Netherlands: North-Holland. p. 293—6.75.Daniels, H.A.M. and A.J. Feelders, Combining qualitative and quantitative methodsfor model-based diagnosis of firms, in Decision Support Systems and QualitativeReasoning. Proceedings of the IMACS International Workshop. Held: Toulouse,France, 13—15 March 1991. 1991, Netherlands: North-Holland. p. 255—60.76.Schwartzler, G., An algebraic approach to knowledge-based modelling, in ArtificialIntelligence and Symbolic Mathematical Computing. International Conference AISMC-1. Held: Karlsruhe, Germany, 3—6 Aug. 1992. 1993, Germany: Springer-Verlag. p.85—95.77.Crawford, J., A. Farquar, and B. Kuipers, QPC: A compiler from physical models intoqualitative differential equations, in AAAI-90. 1990, San Mateo: Morgan KaufmanPublishers. p. 365—372.78.Xia, S., D.A. Linkens, and S. Bennett, Qualitative reasoning and applications todynamic systems: a bond graph approach, in Decision Support Systems and QualitativeReasoning. Proceedings of the IMACS International Workshop. Held: Toulouse,France, 13—15 March 1991. 1991, Netherlands: North-Holland. p. 175—80.

174References79.Williams, B., Doing time: Putting qualitative reasoning on firmer ground, in AAAI-86.Held: Philadelphia, PA, 1986, San Mateo: Morgan Kaufman Publishers. .80.Iwasaki, Y. and C.-M. Low, Model generation and simulation of device behavior withcontinuous and discrete changes. (Technical Report No. KSL 91-69). 1991. StanfordUniversity, Knowledge Systems Laboratory.81.Kuipers, B., Abstraction by time-scale in qualitative simulation, in AAAI-87. Held:Seattle, WA, 1987, San Mateo: Morgan Kaufman Publishers. p. 621—625.82.Saxena, S. and A. Unruh, Diagnosis of Semiconductor Manufacturing Equipment andProcesses. IEEE Transactions on Semiconductor Manufacturing, 1994. 7(2): p. 220—232.83.Mina, I., A knowledge-based model for representation and reasoning in manufacturing,inProceedings of the Third International IMS �87 Conference. Held: Long Beach, CA,USA, 1987, USA: Intertec Commun. p. 270—87.84.Mina, I., UMXD: a diagnosts expert system for manufacturing, in First AnnualESD/SMI Expert Systems Conference and Exposition for Advanced ManufacturingTechnology. Held: Dearborn, MI, USA, 1987, USA: Eng. Soc. Detroit. p. 281—94.85.Mina, I., PCMR: a language for process control modelling and reasoning, in Proceedingsof the 1987 American Control Conference. Held: Minneapolis, MN, USA, 10—12 June1987. 1987, USA: American Autom. Control Council. p. 174—80.86.Hart, P., Directions for AI in the Eighties, in SIGART Newsletter. 1982. p. 11—16.87.Michie, D., High-Road and Low-Road Programs, in AI Magazine. 1981. p. 21—2.88.Chandrasekaran, M.S., Deep vs compiled knowledge approaches to diagnostic problemsolving, in AAAI 82. 1982, p. 349—354.89.Keller, R.M., et al., Compiling Diagnosis Rules and Redesign Plans from aStructure/Behavior Device Model: The Details. (Technical Report No. KSL-89-50).1989. Knowledge Systems Laboratory, Stanford University.90.Goel, A.K., et al., Knowledge Compilation: A symposium, in IEEE Expert. 1991. p. 71-92.91.Davis, R., Form and Content in Model Based Reasoning, in International JointConference on Artificial Intelligence. Held: Detroit, MI, 1989, USA:MorganKaufman. p. 11—27.92.Bylander, T., A Simple Model of Knowledge Compilation, in IEEE Expert. 1991. p. 73—74, 91—92.

References17593.Simmons, R.G., The roles of associational and causal reasoning in problem solving.Artificial Intelligence, 1992. 53: p. 159—207.94.Nassif, S.R., A.J. Strojwas, and S.W. Director, FABRICS II: a statistically-based ICFabrication process simulator. IEEE Transactions on Computer-Aided Design, 1984.CAD-3(1): p. 40-46.95.Slaughter, S., R. Hartzell, and T.-C. Chang, A deep level reasoning tool forsemiconductor process simulation, in IEEE/SEMI International SemiconductorManufacturing Science Symposium�ISMSS �89. Held: Burlingame, CA, USA, May22—24, 1989. 1989, USA: IEEE (Cat. No.89CH2699-7). p. 117.96.Funakoshi, K. and K. Mizuno, A Rule-Based VLSI Process Flow Validation SystemWith Macroscopic Process Simulation. IEEE Transactions on SemiconductorManufacturing, 1990. 3(4): p. 239—246.97.Ho, C.P., S.E. Hansen, and P.M. Fahey, SUPREM III�Program for IntegratedCircuit Process Modeling and Simulation. (Report No. SEL84-001). 1984. StanfordElectronics Laboratories, Stanford University, Stanford, CA.98.Mulvaney, B.J. and W.B. Richardson, PEPPER�a process simulator for VLSI. IEEETransactions on Computer-Aided Design of Integrated Circuits and Systems,1989. 8(4): p. 336—49.99.Pelka, J., Simulation of ion-enhanced dry-etch processes. Proceedings of the SPIE �The International Society for Optical Engineering, 1991. 1392: p. 55—66.100.Richardson, W.B. and B.J. Mulvaney, Modeling phosphorus diffusion in threedimensions. IEEE Transactions on Computer-Aided Design of Integrated Circuitsand Systems, 1992. 11(4): p. 487—96.101.Scheckler, E.W. and A.R. Neureuther, Models and algorithms for three-dimensionaltopography simulation with SAMPLE-3D. IEEE Transactions on Computer-AidedDesign of Integrated Circuits and Systems, 1994. 13(2): p. 219—30.102.Hegarty, C.J., Process-Flow Specification and Dynamic Run Modification forSemiconductor Manufacturing. (Thesis No. UCB/ERL M91/40). 1991. ElectronicsResearch Laboratory, University of California, Berkeley.103.Boning, D.S., et al., A general semiconductor press modeling framework. IEEETransactions on Semiconductor Manufacturing, 1992. 5(4): p. 266—80.104.Boning, D.S. and G. Koppelman, Semiconductor Process RepresentationRequirements. (Draft Internal Document No. tcad-911-G-4). 1991. TCADFramework Group, Semiconductor Process Representation Working Group,CAD Framework Initiative, Inc.105.Pelts, G.L. and D.G. Basile, SPEC SYSTEM: Modules User�s Guide. (TechnicalNote No. 3). 1993. Integrated Circuits Laboratory, Stanford University.

176References106.Pelts, G.L. and D.G. Basile, SPEC SYSTEM: Overview � The Launcher. (TechnicalNote No. 4). 1993. Integrated Circuits Laboratory, Stanford University.107.Wendstrand, J.S., H. Iwai, and R.W. Dutton, A manufacturing-oriented environmentfor synthesis of fabrication processes., in ICCAD �89. Held: San Francisco, 1989, IEEE.p. 376-379.108.Boning, D. and J. Glicksman, Semiconductor Process Representation ProceduralInterface (PI). (Draft Specification, Version No. 0.7). 1993. CAD FrameworkInitiative, Inc.109.McGehee, J., The MMST Computer-Integrated Manufacturing System Framework.IEEE Transactions on Semiconductor Manufacturing, 1994. 7(2): p. 107—16.110.SEMATECH, Collaborative Manufacturing System Computer IntegratedManufacturing Application Framework Specification 1.0. (technology transfer reportNo. 9306197C-ENG). 1994. SEMATECH.111.Addanki, S., R. Cremonini, and J.S. Penberthy, Graphs of Models. ArtificialIntelligence, 1991. 51: p. 145—77.112.Falkenhainer, B. and K.D. Forbus, Compositional modeling: Finding the right modelfor the job. Artificial Intelligence, 1991. 51: p. 95—143.113.Nayak, P.P., Automated Modeling of Physical Systems. (Ph.D. Thesis � Report No.STAN-CS-92-1443, also KSL-92-69). 1992. Department of Computer Science,Stanford University.114.Murdock, J.L., Model Matching and Individuation for Model-Based Diagnosis. 1994.Ph.D. Thesis � in preparation. Department of Computer Science, StanfordUniversity.115.Chang, N.H. and C.J. Spanos, Chronological equipment diagnosis using evidenceintegration, in Applications of Artificial Intelligence VIII. Held: Orlando, FL, USA,April 17—19, 1990. 1990, USA: Proceedings of the SPIE�The International Societyfor Optical Engineering 1293, pt. 2. p. 944—55.116.Shafer, G., A Mathematical Theory of Evidence. 1976. Princeton, N.J.: PrincetonUniversity Press.

Appendix A: Modeling ObjectsThis appendix exhibits the definitions of the classes of temporal objects (and specialconstants) employed in the semiconductor manufacturing ontology.(defGDobject WAFER (temporal-object) ((structures (set . 2D-structure)) (layers (set . layer)) (region-types (set . region-type))));;; Abstract class of objects that keep track of;;; lateral dimensions and topology(defGDobject HORIZONTAL-DESCR (temporal-object) ((horizontal-regions (set . horizontal-region))));;; Class of objects that describe lateral topology of;;; slices through wafer structures(defGDobject 2D-STRUCTURE (horizontal-descr) ((horizontal-regions (set . wafer-region)) (left-most wafer-region)));;; Class of objects that describe the lateral topology of;;; masks for a 2D slice through a structure(defGDobject MASK (horizontal-descr) ((horizontal-regions (set . mask-region)) (left-most mask-region)))(defGDobject REGION-OR-EDGE (temporal-object))(defGDobject EDGE (region-or-edge) ((left region-or-edge) (left-pos finite-real) (right region-or-edge) (right-pos finite-real) (left-wafer-region wafer-region) (right-wafer-region wafer-region) (region-type region-type) (opacity (one-of (constant opaque) (constant transparent)))))

178Appendix A:;;; Class of objects that describe the lateral topology;;; and dimensions for a single laterally homogeneous region(defGDobject HORIZONTAL-REGION (region-or-edge) ((left region-or-edge) (left-pos finite-real) (right region-or-edge) (right-pos finite-real)));;; Class of objects that describe the lateral topology;;; and dimensions for a single laterally homogeneous region;;; of a 2D slice through a structure on a wafer(defGDobject WAFER-REGION (horizontal-region) ((region-type region-type) (pieces (set . wafer-region))));;; Class of objects that describe the lateral topology;;; and dimensions for a single laterally homogeneous region;;; of a mask for a 2D slice through a structure(defGDobject MASK-REGION (horizontal-region) ((left-wafer-region wafer-region) (right-wafer-region wafer-region) (opacity (one-of (constant opaque) (constant transparent)))));;; Class of objects that describe opaque 2D mask regions(defGDobject OPAQUE-MASK-REGION (mask-region) ((opacity (constant opaque))));;; Class of objects that describe transparent 2D mask regions(defGDobject TRANSPARENT-MASK-REGION (mask-region) ((opacity (constant transparent))));;; Class of objects that describe the vertical sequence of;;; layers in a given region-type(defGDobject REGION-TYPE (temporal-object) ((surface layer-region) (regions (set . wafer-region))));;; Class of objects that describe a given layer in a given region,;;; encompassing also the "environment" at the wafer’s surfaces(defGDobject LAYER-OR-ENV (temporal-object));;; Class containing one instance: the environment at the wafer’s;;; surface (Same object is used at both front and back wafer surfaces.)(defGDobject ENVIRONMENT (layer-or-env) ((gases (set . gas))));;; Class of objects representing layer-regions that have a common genesis(defGDobject LAYER (temporal-object) ((layer-regions (set . layer-region))))

Modeling Objects179;;; Class of objects representing individual layers in individual region-types(defGDobject LAYER-REGION (layer-or-env) ((region-type region-type) (layer layer) (top-pos finite-real) (above layer-or-env) (bottom-pos finite-real) (below layer-or-env) (material material-type) (dopant dopant) (concentration finite-non-negative-real) (thickness finite-non-negative-real)))(defGDobject MATERIAL-TYPE (temporal-object))(defGDobject METAL (material-type))(defGDobject ALUMINUM (metal))(defGDobject TUNGSTEN (metal))(defGDobject SILICON (material-type))(defGDobject POLYSILICON (silicon))(defGDobject OXIDE (material-type))(defGDobject NITRIDE (material-type))(defGDobject PHOTORESIST (material-type))(defGDobject EXPOSED-PHOTORESIST (photoresist))(defGDobject POS-PHOTORESIST (photoresist))(defGDobject NEG-PHOTORESIST (photoresist))(defGDobject EXPOSED-POS-PHOTORESIST (exposed-photoresist))(defGDobject EXPOSED-NEG-PHOTORESIST (exposed-photoresist))(defGDobject DOPANT (temporal-object) ((dopant-type (one-of (constant N) (constant P)))))(defGDobject N-DOPANT (dopant) ((dopant-type (constant N))))

180Appendix A:(defGDobject P-DOPANT (dopant) ((dopant-type (constant P))))(defGDobject ETCHANT-TYPE (temporal-object))(RUP:INIT-FORM (make-objectq START ’time))(RUP:INIT-FORM (assert-expr ’(< START *NOW*)))(RUP:INIT-FORM (make-objectq THE-ENVIRONMENT ’environment :existence :always))(RUP:INIT-FORM (make-objectq PHOTORESIST-THICKNESS ’finite-positive-real))(RUP:INIT-FORM (make-objectq POSITIVE-PHOTORESIST ’pos-photoresist :existence :always))(RUP:INIT-FORM (make-objectq RESIST-1813 ’pos-photoresist :existence :always))(RUP:INIT-FORM (make-objectq NEGATIVE-PHOTORESIST ’neg-photoresist :existence :always))(RUP:INIT-FORM (make-objectq POS-PHOTORESIST-EXPOSED ’exposed-pos-photoresist))(RUP:INIT-FORM (make-objectq NEG-PHOTORESIST-EXPOSED ’exposed-neg-photoresist))(RUP:INIT-FORM (make-objectq PHOTORESIST-EXPOSED ’exposed-photoresist))(RUP:INIT-FORM (make-objectq MASK-EDGE ’edge :existence :always))(RUP:INIT-FORM (make-objectq REGION-EDGE ’edge :existence :always))(RUP:INIT-FORM (make-objectq *NO-DOPANT* ’dopant :existence :always))(RUP:INIT-FORM (make-objectq |Oxide| ’oxide :existence :always))(RUP:INIT-FORM (make-objectq |Silicon| ’silicon :existence :always))(RUP:INIT-FORM (make-objectq |Polysilicon| ’polysilicon :existence :always))(RUP:INIT-FORM (make-objectq |Nitride| ’nitride :existence :always))(RUP:INIT-FORM (make-objectq |Aluminum| ’aluminum :existence :always))(RUP:INIT-FORM (make-objectq |Tungsten| ’tungsten :existence :always))(RUP:INIT-FORM (make-objectq ARSENIC ’n-dopant :existence :always))(RUP:INIT-FORM (make-objectq PHOSPHORUS ’n-dopant :existence :always))(RUP:INIT-FORM (make-objectq ANTIMONY ’n-dopant :existence :always))(RUP:INIT-FORM (make-objectq BORON ’p-dopant :existence :always))(RUP:INIT-FORM (make-objectq GALLIUM ’p-dopant :existence :always))(RUP:INIT-FORM (history::tforcefully ^(@ (dopant-type ARSENIC) *NOW*)))(RUP:INIT-FORM (history::tforcefully ^(@ (dopant-type PHOSPHORUS) *NOW*)))(RUP:INIT-FORM (history::tforcefully ^(@ (dopant-type ANTIMONY) *NOW*)))

Modeling Objects181(RUP:INIT-FORM (history::tforcefully ^(@ (dopant-type BORON) *NOW*)))(RUP:INIT-FORM (history::tforcefully ^(@ (dopant-type GALLIUM) *NOW*)))(RUP:INIT-FORM (make-objectq |6:1 Buffered HF| ’etchant-type :existence :always))(RUP:INIT-FORM (make-objectq REFLUXED-H3PO4 ’etchant-type :existence :always))(RUP:INIT-FORM (make-objectq |50:1 HF| ’etchant-type :existence :always))(RUP:INIT-FORM (assert-expr ’(N= Etch-Angle-Threshold 85.0) ’DOMAIN-MODEL))(RUP:INIT-FORM (assert-expr ’(> Poly-Etch-Etch-Rate 0.0) ’DOMAIN-MODEL))

Appendix B: Modeling ActionsThis appendix exhibits the discrete action models of the semiconductor manufacturingoperations.;;; Abstract parent of all processes that add a new �blanket� layer at the wafer surface.(defprocess DAS-ADD-TOP-LAYER :NON-EXECUTABLE parameters (($mat material-type)) effects ((for-all-existing $ld \: Region-Type (start-of (process interval)) (:=> (pred1 (old-top $ld (process interval)) (start-of (process interval))) (CREATED ($NL layer-region (start-of (process interval))) (member $NL (new-layer $mat (process interval))) (change = (surface $ld) $nl) (change = (region-type $nl) $ld) (change = (top-pos $nl) (+ (mat-thick $ld (process interval)) (old-top-pos $ld (process interval)))) (change = (above $nl) THE-ENVIRONMENT) (change = (bottom-pos $nl) (old-top-pos $ld (process interval))) (change = (below $nl) (old-top $ld (process interval))) (change = (material $nl) $mat) (change = (thickness $nl) (mat-thick $ld (process interval))) (change = (above (old-top $ld (process interval))) $nl)))) (CREATED ($New-Layer layer (start-of (process interval))) (for-all-true $l e (new-layer $mat (process interval)) (:AND (member $l (@ (layer-regions $new-layer) (end-of (process interval)))) (change = (layer $l) $new-layer))) )) constraints ((DEFN OLD-TOP-POS (ld i) (@ (top-pos (surface ld)) (start-of i))) (DEFN OLD-TOP (ld i) (@ (surface ld) (start-of i)))))(defprocess DAS-SPIN-ON-RESIST AKO DAS-ADD-TOP-LAYER parameters (($mat photoresist)) constraints ((DEFN PRED1 ($lr $t) (adherent $mat (@ (material $lr) $t))) (DEFN MAT-THICK ($ld $i) (- PHOTORESIST-TOP-POS (OLD-TOP-POS $ld $I)))))

Modeling Actions183(defprocess DAS-SPUTTERING AKO DAS-add-top-layer parameters (($mat metal) ($duration finite-positive-real)) constraints ((n= (duration (process interval)) $duration) (DEFN MAT-THICK ($ld $i) (SPUTTERING-THICKNESS $duration)) (> (SPUTTERING-THICKNESS $duration) 0.0) (DEFN PRED1 ($lr $t) (adherent $mat (@ (material $lr) $t)))))(init-form (assert-expr ’(FUNCTIONAL SPUTTERING-THICKNESS MI)))(defprocess DAS-CHEMICAL-VAPOR-DEPOSITION :NON-EXECUTABLE AKO DAS-add-top-layer parameters (($mat material-type) ($duration finite-positive-real) ($temperature finite-positive-real) ($vapor-pressure finite-positive-real)) constraints ((n= (duration (process interval)) $duration) (DEFN MAT-THICK ($ld $i) (CVD-THICKNESS $duration $temperature $vapor-pressure)) (> (CVD-THICKNESS $duration $temperature $vapor-pressure) 0.0) (DEFN PRED1 ($lr $t) (adherent $mat (@ (material $lr) $t)))))(init-form (assert-expr ’(FUNCTIONAL CVD-THICKNESS MI MI MI)))(defprocess DAS-UNDOPED-CHEMICAL-VAPOR-DEPOSITION AKO DAS-CHEMICAL-VAPOR-DEPOSITION parameters () effects ((for-all-existing $ld \: Region-type (end-of (process interval)) (change = (dopant (@ (surface $ld) (end-of (process interval)))) *no-dopant*))))(defprocess DAS-DOPED-CHEMICAL-VAPOR-DEPOSITION AKO DAS-CHEMICAL-VAPOR-DEPOSITION parameters (($dopant dopant) ($concentration finite-positive-real)) effects ((for-all-existing $ld \: Region-type (end-of (process interval)) (:AND (change = (dopant (@ (surface $ld) (end-of (process interval)))) $dopant) (change = (concentration (@ (surface $ld) (end-of (process interval)))) $concentration)))))

184Appendix B:(defprocess DAS-EPITAXIAL-GROWTH AKO DAS-add-top-layer parameters (($mat silicon) ($duration finite-positive-real) ($temperature finite-positive-real) ($dopant dopant) ($concentration finite-positive-real)) effects ((for-all-existing $ld \: Region-type (end-of (process interval)) (:AND (change = (dopant (@ (surface $ld) (end-of (process interval)))) $dopant) (change = (concentration (@ (surface $ld) (end-of (process interval)))) $concentration)))) constraints ((n= (duration (process interval)) $duration) (DEFN MAT-THICK ($ld $i) (EPI-THICKNESS $duration $temperature)) (> (EPI-THICKNESS $duration $temperature) 0.0) (DEFN PRED1 ($lr $t) (is-type silicon (@ (material $lr) $t)))))(init-form (assert-expr ’(FUNCTIONAL EPI-THICKNESS MI MI)));;; Abstract parent of all process steps that can modify/destroy existing layers;;; by selectively destroying layer-regions(defprocess DAS-MODIFY-LAYERS effects ((for-all-existing $lr \: layer-region (SPI) (:IFF (:OR (destroyed $lr (EPI)) (converted $lr (EPI))) (member (@ (layer $lr) (SPI)) (changed-layers (PI))))) (for-all-true $l e (changed-layers (PI)) (:AND (for-all-true $lr e (@ (layer-regions $l) (SPI)) (:IFF (:NOT (destroyed $lr (EPI))) (member $lr (new-layer-regions $l (PI))))) (:IFF (for-all $lr e (layer-closure $l (SPI)) (destroyed $lr (EPI))) (destroyed $l (EPI))) (:=> (:NOT (destroyed $l (EPI))) (change = (layer-regions $l) (new-layer-regions $l (PI))))))) constraints ((DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval))) (DEFN PI () (process interval))))

Modeling Actions185(defprocess DAS-PHOTO-RESIST-CLEAN effects ((for-all-existing $rt \: region-type (SPI) (:=> (is-type photoresist (@ (material (surface $rt)) (SPI))) (:AND (destroyed (@ (surface $rt) (SPI)) (EPI)) (destroyed (@ (layer (surface $rt)) (SPI)) (EPI)) (change = (surface $rt) (old-second-layer-region $rt (PI))) (change = (above (old-second-layer-region $rt (PI))) THE-ENVIRONMENT))))) constraints ((DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval))) (DEFN PI () (process interval)) (DEFN OLD-SECOND-LAYER-REGION (rt i) (@ (below (surface rt)) (start-of i)))))(defprocess DAS-PHOTO-RESIST-DEVELOP AKO DAS-MODIFY-LAYERS effects ((for-all-existing $ld \: region-type (SPI) (:AND (:IFF (is-soft-photoresist? (@ (material (surface $ld)) (SPI))) (destroyed (@ (surface $ld) (SPI)) (EPI))) (:IF (destroyed (@ (surface $ld) (SPI)) (EPI)) (:AND (change = (surface $ld) (old-second-layer-region $ld (PI))) (change = (above (old-second-layer-region $ld (PI))) THE-ENVIRONMENT)))))) constraints ((DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval))) (DEFN PI () (process interval)) (DEFN OLD-SECOND-LAYER-REGION (ld i) (@ (below (surface ld)) (start-of i)))))

186Appendix B:(defprocess DAS-ETCH AKO DAS-MODIFY-LAYERS parameters (($etchant etchant-type) ($duration finite-positive-real)) effects ((for-all-existing $l \: layer-region (SPI) (:AND (:IFF (>= $duration (etch-destroy-time $l (PI))) (consumed-by-etching $l (EPI))) (:IFF (consumed-by-etching $l (EPI)) (destroyed $l (EPI))) (:IF (:AND (>= $duration (etch-destroy-time (@ (above $l) (SPI)) (PI))) (:NOT (consumed-by-etching $l (EPI)))) (:AND (:IF (:NOT (V= $l (@ (surface (region-type $l)) (SPI)))) (:AND (change = (surface (@ (region-type $l) (SPI))) $l) (change = (above $l) THE-ENVIRONMENT))) (:IF (:AND (> $duration (etch-destroy-time (@ (above $l) (SPI)) (PI))) (> (etch-rate $l (PI)) 0.0)) (:AND (change - (top-pos $l) (amount-etched $l)) (change - (thickness $l) (amount-etched $l))))))))) constraints ((DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval))) (DEFN PI () (process interval)) (DEFN AMOUNT-ETCHED ($l) (* (- $duration (etch-destroy-time (@ (above $l)(start-of (process interval))) (process interval))) (etch-rate $l (process interval))))))

Modeling Actions187(defprocess DAS-END-DETECT-ETCH AKO DAS-Etch parameters (($overetch finite-non-negative-real) ($detected-layer layer) ($etch-angle finite-positive-real)) effects ((for-all-true $lr1 e (@ (layer-regions $detected-layer) (start-of (process interval))) (:AND ;; Detected layer is not etched through (< $duration (etch-destroy-time $lr1 (process interval))) ;; Layer regions "closest" to surface (in terms of etch time) are detected. (:IFF (for-all $lr2 e (layer-closure $detected-layer (start-of (process interval))) (<= (etch-destroy-time (@ (above $lr1) (start-of (process interval))) (process interval)) (etch-destroy-time (@ (above $lr2) (start-of (process interval))) (process interval)))) (member $lr1 (detected-layer-regions (process interval)))))) (N= (vertical-etch-duration (process interval)) (etch-destroy-time (@ (above (any-member (detected-layer-regions (process interval)))) (start-of (process interval))) (process interval))) (N= $duration (+ (vertical-etch-duration (process interval)) (* $overetch (vertical-etch-duration (process interval)))))));;; Abstract process for process steps that can create as well as destroy layer-regions.;;; Newly created layers are associated with existing layers that help define and;;; differentiate them. The set (new-layers (process interval)) contains the existing;;; layers that each define a new layer. The sets (new-layer old-layer (process interval));;; contain the newly created layer-regions that are to belong to the new layers.(defprocess DAS-CREATE/MODIFY-LAYERS AKO DAS-Modify-Layers effects ((for-all-true $old-layer e (new-layers (process interval)) (CREATED ($new-layer layer (start-of (process interval))) (for-all-true $lr e (new-layer $old-layer (process interval)) (:AND (member $lr (@ (layer-regions $new-layer) (end-of (process interval)))) (change = (layer $lr) $new-layer)))))))

188Appendix B:(defprocess DAS-MASK-EXPOSE parameters (($mask mask) ($structure 2d-structure)) effects ((change = (horizontal-regions $structure) (new-horizontal-regions $structure (PI))) (for-all-true $mask-region e (@ (horizontal-regions $mask) (spi)) (for-all-true $reg e (@ (horizontal-regions $structure) (spi)) ;; Overlap (:IF (:AND (< (@ (left-pos $mask-region) (spi)) (@ (right-pos $reg) (spi))) (> (@ (right-pos $mask-region) (spi)) (@ (left-pos $reg) (spi)))) (:AND ;; Complete Overlap (:IF (:AND (<= (@ (left-pos $mask-region) (spi)) (@ (left-pos $reg) (spi))) (>= (@ (right-pos $mask-region) (spi)) (@ (right-pos $reg) (spi)))) (:AND (member $reg (new-horizontal-regions $structure (PI))) (:IF (is-type photoresist (@ (material (surface (region-type $reg))) (spi))) (:AND (:IF (v= (@ (opacity $mask-region) (spi)) (constant transparent)) (:AND (member (@ (region-type $reg) (spi)) (ALTERED-REGION-TYPES (PI))) (member $reg (ALTERED-REGIONS (@ (region-type $reg) (spi)) (PI))))) (:IF (v= (@ (opacity $mask-region) (spi)) (constant opaque)) (:AND (member (@ (region-type $reg) (spi)) (UNALTERED-REGION-TYPES (process interval))) (member $reg (UNALTERED-REGIONS (@ (region-type $reg) (spi)) (PI))))))) (:IF (n= (@ (left-pos $mask-region) (spi)) (@ (left-pos $reg) (spi))) (:AND (member $reg (CHANGING-NEIGHBOUR-WAFER-REGIONS (spi))) (change = (left-wafer-region $mask-region) $reg))) (:IF (n= (@ (right-pos $mask-region) (spi)) (@ (right-pos $reg) (spi))) (:AND (member $reg (CHANGING-NEIGHBOUR-WAFER-REGIONS (spi))) (change = (right-wafer-region $mask-region) $reg))) (:IF (:NOT (v= (@ (left $reg) (spi)) REGION-EDGE))

Modeling Actions189 (:IF (:AND (< (@ (left-pos $mask-region) (spi)) (@ (left-pos $reg) (spi))) (>= (@ (left-pos $mask-region) (spi)) (@ (left-pos (left $reg)) (spi)))) (member $reg (CHANGING-NEIGHBOUR-WAFER-REGIONS (spi))))) (:IF (:NOT (v= (@ (right $reg) (spi)) REGION-EDGE)) (:IF (:AND (> (@ (right-pos $mask-region) (spi)) (@ (right-pos $reg) (spi))) (<= (@ (right-pos $mask-region) (spi)) (@ (right-pos (right $reg)) (spi)))) (member $reg (CHANGING-NEIGHBOUR-WAFER-REGIONS (spi))))))) ;; Partial Overlap (:IF (:OR (> (@ (left-pos $mask-region) (spi)) (@ (left-pos $reg) (spi))) (< (@ (right-pos $mask-region) (spi)) (@ (right-pos $reg) (spi)))) (CREATED ($new-reg wafer-region (spi)) (change = (pieces $reg) (NEW-PIECES $reg (spi))) (member $new-reg (NEW-PIECES $reg (spi))) (member $new-reg (new-horizontal-regions $structure (PI))) (member $new-reg (CHANGING-NEIGHBOUR-WAFER-REGIONS (spi))) (change = (pieces $new-reg) NULL-SET) (:IF (:AND (is-type photoresist (@ (material (surface (region-type $reg))) (spi))) (v= (@ (opacity $mask-region) (spi)) (constant transparent))) (:AND (member (@ (region-type $reg) (spi)) (ALTERED-REGION-TYPES (process interval))) (member $new-reg (ALTERED-REGIONS (@ (region-type $reg) (spi)) (PI))))) (:IF (:NOT (:AND (is-type photoresist (@ (material (surface (region-type $reg))) (spi))) (v= (@ (opacity $mask-region) (spi)) (constant transparent)))) (:AND (member (@ (region-type $reg) (spi)) (UNALTERED-REGION-TYPES (process interval))) (member $new-reg (UNALTERED-REGIONS (@ (region-type $reg) (spi)) (PI))) (change = (region-type $new-reg) (@ (region-type $reg) (spi))))) ;; Set Up Right Pointers And Right-Pos (:IFF (:NOT (V= (@ (right $reg) (spi)) REGION-EDGE)) (:IF (> (@ (right-pos $mask-region) (spi)) (@ (right-pos $reg) (spi))) (:AND (change = (right-pos $new-reg) (@ (right-pos $reg) (spi))) (:IF (> (@ (right-pos $mask-region) (spi))

190Appendix B: (@ (right-pos (right $reg)) (spi))) (change = (right $new-reg) (@ (right $reg) (spi))))))) (:IF (<= (@ (right-pos $mask-region) (spi)) (@ (right-pos $reg) (spi))) (:AND (change = (right-pos $new-reg) (@ (right-pos $mask-region) (spi))) (change = (right-wafer-region $mask-region) $new-reg))) ;; Set Up Left Pointers And Left-Pos (:IFF (:NOT (V= (@ (left $reg) (spi)) REGION-EDGE)) (:IF (< (@ (left-pos $mask-region) (spi)) (@ (left-pos $reg) (spi))) (:AND (change = (left-pos $new-reg) (@ (left-pos $reg) (spi))) (:IF (< (@ (left-pos $mask-region) (spi)) (@ (left-pos (left $reg)) (spi))) (change = (left $new-reg) (@ (left $reg) (spi))))))) (:IF (>= (@ (left-pos $mask-region) (spi)) (@ (left-pos $reg) (spi))) (:AND (change = (left-pos $new-reg) (@ (left-pos $mask-region) (spi))) (change = (left-wafer-region $mask-region) $new-reg))) )))))) (for-all-true $reg e (CHANGING-NEIGHBOUR-WAFER-REGIONS (spi)) (for-all-true $mask-region e (@ (horizontal-regions $mask) (spi)) (:AND (:IF (v= $reg (@ (left-wafer-region $mask-region) (epi))) (:AND (:IFF (:NOT (v= (@ (left $mask-region) (spi)) MASK-EDGE)) (change = (left $reg) (@ (right-wafer-region (left $mask-region)) (epi)))) (:IF (v= (@ (left $mask-region) (epi)) MASK-EDGE) (change = (left $reg) REGION-EDGE)))) (:IF (v= $reg (@ (right-wafer-region $mask-region) (epi))) (:AND (:IFF (:NOT (v= (@ (right $mask-region) (spi)) MASK-EDGE)) (change = (right $reg) (@ (left-wafer-region (right $mask-region)) (epi)))) (:IF (v= (@ (right $mask-region) (epi)) MASK-EDGE) (change = (right $reg) REGION-EDGE)))) (:IF (n= (@ (right-pos (left-wafer-region $mask-region)) (epi)) (@ (left-pos $reg) (epi))) (change = (left $reg) (@ (left-wafer-region $mask-region) (epi)))) (:IF (n= (@ (left-pos (right-wafer-region $mask-region)) (epi)) (@ (right-pos $reg) (epi))) (change = (right $reg) (@ (right-wafer-region $mask-region) (epi)))))))

Modeling Actions191 (for-all-true $rt e (ALTERED-REGION-TYPES (PI)) (:IF (is-type photoresist (@ (material (surface $rt)) (spi))) (:AND (:IF (member $rt (UNALTERED-REGION-TYPES (PI))) (CREATED ($new-rt region-type (spi)) (change = (surface $new-rt) (EXPOSED-LAYER-REGION (@ (surface $rt) (epi)) (PI))) (v= (EXPOSED-REGION-TYPE $rt (process interval)) $new-rt) (change = (regions $new-rt) (ALTERED-REGIONS $rt (PI))) (for-all-true $reg e (ALTERED-REGIONS $rt (PI)) (change = (region-type $reg) $new-rt)) (change = (regions $rt) (UNALTERED-REGIONS $rt (PI))))) (:IF (:NOT (member $rt (UNALTERED-REGION-TYPES-CLOSURE (PI)))) (change = (material (surface $rt)) (EXPOSED-MATERIAL (@ (material (surface $rt)) (spi)))))))) (for-all-existing $l \: layer-region (spi) (:IF (:AND (is-type photoresist (@ (material (surface (region-type $l))) (spi))) (member (@ (region-type $l) (spi)) (ALTERED-REGION-TYPES (PI))) (member (@ (region-type $l) (spi)) (UNALTERED-REGION-TYPES (PI)))) (CREATED ($new-l layer-region (spi)) (change = (layer-regions (layer $l)) (new-layer-regions (@ (layer $l) (epi)) (PI))) (member $new-l (new-layer-regions (@ (layer $l) (epi)) (PI))) (change = (layer $new-l) (@ (layer $l) (epi))) (change = (region-type $new-l) (EXPOSED-REGION-TYPE (@ (region-type $l) (spi)) (pi))) (change = (top-pos $new-l) (@ (top-pos $l) (spi))) (:IF (v= (@ (above $l) (spi)) THE-ENVIRONMENT) (change = (above $new-l) (@ (above $l) (spi)))) (:IF (:NOT (v= THE-ENVIRONMENT (@ (above $l) (spi)))) (change = (above $new-l) (EXPOSED-LAYER-REGION (@ (above $l) (spi)) (pi)))) (change = (bottom-pos $new-l) (@ (bottom-pos $l) (spi))) (:IF (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (change = (below $new-l) (EXPOSED-LAYER-REGION (@ (below $l) (spi)) (pi)))) (:IF (v= (@ (below $l) (spi)) THE-ENVIRONMENT) (change = (below $new-l) THE-ENVIRONMENT)) (change = (material $new-l) (EXPOSED-MATERIAL (@ (material $l) (spi)))) (change = (dopant $new-l) (@ (dopant $l) (spi))) (change = (concentration $new-l) (@ (concentration $l) (spi))) (change = (thickness $new-l) (@ (thickness $l) (spi))) (v= (EXPOSED-LAYER-REGION $l (process interval)) $new-l)))) (for-all-existing $l |:| layer (spi) (for-all-true $lr e (@ (layer-regions $l) (spi)) (member $lr (@ (layer-regions $l) (epi)))))) constraints ((DEFN PI () (process interval)) (DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval)))))

192Appendix B:(defprocess DAS-PRE-DEPOSITION AKO DAS-Create/Modify-Layers parameters (($dopant dopant) ($duration finite-positive-real) ($temperature finite-positive-real) ($vapor-pressure finite-positive-real)) effects ((for-all-existing $rt \: region-type (SPI) (:=> (pred1 (@ (surface $rt) (SPI)) (SPI)) (CREATED ($NL layer-region (SPI)) (member $NL (new-layer (@ (layer (surface $RT)) (SPI)) (PI))) (member (@ (layer (surface $RT)) (SPI)) (new-layers (PI))) (change = (surface $rt) $nl) (change = (region-type $nl) $rt) (change = (top-pos $nl) (old-top-pos $rt (PI))) (change = (above $nl) THE-ENVIRONMENT) (change - (top-pos (old-top $rt (PI))) (mat-thick $rt (PI))) (change - (thickness (old-top $rt (PI))) (mat-thick $rt (PI))) (change = (bottom-pos $nl) (- (old-top-pos $rt (PI)) (mat-thick $rt (PI)))) (change = (below $nl) (old-top $rt (PI))) (change = (dopant $nl) $dopant) (change = (concentration $nl) (PRE-DEP-CONC $vapor-pressure (old-material $rt (PI)) $dopant)) (change = (material $nl) (old-material $rt (PI))) (change = (thickness $nl) (mat-thick $rt (PI))) (change = (above (old-top $rt (PI))) $nl))))) constraints ((DEFN PI () (process interval)) (DEFN SPI () (start-of (process interval))) (DEFN OLD-TOP (rt i) (@ (surface rt) (start-of i))) (DEFN OLD-TOP-POS (rt i) (@ (top-pos (surface rt)) (start-of i))) (DEFN OLD-MATERIAL (rt i) (@ (material (surface rt)) (start-of i))) (DEFN MAT-THICK (rt i) (PRE-DEP-THICKNESS (@ (material (surface rt)) (start-of i)) $dopant $duration $temperature)) (for-all-existing $rt \: region-type (start-of (process interval)) (:=> (Accepts-Dopant? (@ (material (surface $rt)) (start-of (process interval))) $dopant) (> (PRE-DEP-THICKNESS (@ (material (surface $rt)) (start-of (process interval))) $dopant $duration $temperature) 0.0))) (DEFN PRED1 ($lr $t) (Accepts-Dopant? (@ (material $lr) $t) $dopant))))(init-form (assert-expr ’(FUNCTIONAL PRE-DEP-THICKNESS NA NA MI MI)))

Modeling Actions193(defprocess DAS-ION-IMPLANTATION AKO DAS-Create/Modify-Layers parameters (($dopant dopant) ($duration finite-positive-real) ($implant-energy finite-positive-real) ($dose finite-positive-real)) effects ((for-all-existing $l \: layer-region (SPI) ;; Any overlap of implant span with this layer-region? (:IF (:AND (> (it) (lb)) (< (ib) (lt))) (:AND ;; Complete Overlap (make gross simplification that photo resist and ;; polysilicon always are totally implanted, if implanted at all) (:IF (:OR (is-type photoresist (@ (material $l) (spi))) (is-type polysilicon (@ (material $l) (spi))) (:AND (<= (ib) (lb)) (>= (it) (lt)))) (:AND (dopant-concentration-change $l $l) (member $l (new-layer (@ (layer $l) (spi)) (PI))) (member (@ (layer $l) (spi)) (new-layers (PI))) (converted $l (epi)))) ;; Partial Overlap From Top (:IF (:AND (> (ib) (lb)) (>= (it) (lt))) (CREATED ($nl layer-region (spi)) (member $nl (new-layer (@ (layer $l) (spi)) (PI))) (member (@ (layer $l) (spi)) (new-layers (PI))) (dopant-concentration-change $nl $l) (change = (thickness $nl) (- (lt) (ib))) (change - (thickness $l) (- (lt) (ib))) (change = (top-pos $nl) (@ (top-pos $l) (spi))) (change = (top-pos $l) (ib)) (change = (bottom-pos $nl) (ib)) (change = (material $nl) (@ (material $l) (spi))) (change = (region-type $nl) (@ (region-type $l) (spi))) ;; Partially stitch together layer-regions (:IF (v= (@ (above $l) (spi)) THE-ENVIRONMENT) (:AND (change = (above $nl) THE-ENVIRONMENT) (change = (surface (@ (region-type $l) (spi))) $nl))) (:IF (:AND (:NOT (v= (@ (above $l) (spi)) THE-ENVIRONMENT)) (n= (it) (lt))) (:AND (change = (above $nl) (@ (above $l) (spi))) (change = (below (above $l)) $nl))) (:IF (> (it) (lt)) (member $l (overlapped-from-top-layer-regions (PI)))) (change = (above $l) $nl) (change = (below $nl) $l))) ;; Partial Overlap From Below (:IF (:AND (< (it) (lt)) (<= (ib) (lb))) (CREATED ($nl layer-region (spi))

194Appendix B: (member $nl (new-layer (@ (layer $l) (spi)) (PI))) (member (@ (layer $l) (spi)) (new-layers (PI))) (dopant-concentration-change $nl $l) (change = (thickness $nl) (- (it) (lb))) (change - (thickness $l) (- (it) (lb))) (change = (bottom-pos $nl) (@ (bottom-pos $l) (spi))) (change = (bottom-pos $l) (it)) (change = (top-pos $nl) (it)) ;; Partially stitch together layer-regions (:IF (v= (@ (below $l) (spi)) THE-ENVIRONMENT) (change = (below $nl) THE-ENVIRONMENT)) (:IF (:AND (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (n= (ib) (lb))) (:AND (change = (below $nl) (@ (below $l) (spi))) (change = (above (@ (below $l) (spi))) $nl))) (:IF (< (ib) (lb)) (member $l (overlapped-from-bottom-layer-regions (PI)))) (change = (below $l) $nl) (change = (above $nl) $l) (change = (material $nl) (@ (material $l) (spi))) (change = (region-type $nl) (@ (region-type $l) (spi))))) ;; Complete Containment Within A Layer (Most Likely Case?) (:IF (:AND (> (ib) (lb)) (< (it) (lt))) ;; "IMP" is the new implanted layer-region, ;; "SPLIT" is split area below "IMP" (CREATED ($split layer-region (spi)) (change = (layer $split) (@ (layer $l) (spi))) (change = (dopant $split) (@ (dopant $l) (spi))) (change = (concentration $split) (@ (concentration $l) (spi))) (change = (thickness $split) (- (ib) (lb))) (change = (top-pos $split) (ib)) (change = (bottom-pos $split) (lb)) (change = (below $split) (@ (below $l) (spi))) (change = (material $split) (@ (material $l) (spi))) (change = (region-type $split) (@ (region-type $l) (spi))) (:IF (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (change = (above (@ (below $l) (spi))) $split)) (CREATED ($imp layer-region (spi)) (member $imp (new-layer (@ (layer $l) (spi)) (PI))) (member (@ (layer $l) (spi)) (new-layers (PI))) (dopant-concentration-change $imp $l) (change = (thickness $imp) (- (it) (ib))) (change = (thickness $l) (- (lt) (it))) (change = (bottom-pos $imp) (ib)) (change = (below $imp) $split) (change = (above $split) $imp) (change = (bottom-pos $l) (it)) (change = (below $l) $imp) (change = (top-pos $imp) (it)) (change = (above $imp) $l) (change = (material $imp) (@ (material $l) (spi)))

Modeling Actions195 (change = (region-type $imp) (@ (region-type $l) (spi))))))))) ;; Finish stitching together layer-regions (for-all-true $lr e (overlapped-from-top-layer-regions (PI)) (:AND (:IF (member (@ (above $lr) (spi)) (overlapped-from-bottom-layer-regions (PI))) (change = (above (@ (above $lr) (EPI))) (@ (below (@ (above $lr) (SPI))) (EPI)))) (:IF (converted (@ (above $lr) (SPI)) (epi)) (:AND (change = (above (@ (above $lr) (EPI))) (@ (above $lr) (SPI))) (change = (below (above $lr)) (@ (above $lr) (EPI))))))) (for-all-true $lr e (overlapped-from-bottom-layer-regions (PI)) (:AND (:IF (member (@ (below $lr) (spi)) (overlapped-from-top-layer-regions (PI))) (change = (below (@ (below $lr) (EPI))) (@ (above (@ (below $lr) (SPI))) (EPI)))) (:IF (converted (@ (below $lr) (SPI)) (epi)) (:AND (change = (below (@ (below $lr)(EPI))) (@ (below $lr) (SPI))) (change = (above (below $lr)) (@ (below $lr) (EPI)))))))) constraints ((DEFN PI () (process interval)) (DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval))) (DEFN IT () (ion-top (@ (region-type $l) (start-of (process interval))) (process interval))) (DEFN IB () (ion-bottom (@ (region-type $l) (start-of (process interval))) (process interval))) (DEFN LT () (@ (top-pos $l) (start-of (process interval)))) (DEFN LB () (@ (bottom-pos $l) (start-of (process interval)))) (for-all-existing $l \: layer-region (start-of (process interval)) (:=> (:AND (>= $implant-energy (transmission-energy (@ (above $l) (start-of (process interval))) (start-of (process interval)))) (< $implant-energy (transmission-energy $l (start-of (process interval))))) (:AND (n= (median-implant-distance (@ (region-type $l) (spi)) (pi)) (+ (- (@ (top-pos (surface (region-type $l))) (start-of (process interval))) (@ (top-pos $l) (spi))) (* (- $implant-energy (transmission-energy (@ (above $l) (start-of (process interval))) (start-of (process interval)))) (energy-loss-rate (@ (material $l) (start-of (process interval)))))))

196Appendix B: (<= (median-implant-position (@ (region-type $l) (spi)) (pi)) (@ (top-pos $l) (spi))) (> (median-implant-position (@ (region-type $l) (spi)) (pi)) (@ (bottom-pos $l) (spi)))))) (DEFN DOPANT-CONCENTRATION-CHANGE ($nl $l) (:AND (:=> (v= (@ (dopant $l) (start-of (process interval))) *NO-DOPANT*) (:AND (change = (dopant $nl) $dopant) (change = (concentration $nl) (implanted-conc (@ (region-type $l) (start-of (process interval))) (process interval))))) (:=> (v= (@ (dopant $l) (start-of (process interval))) $dopant) (:AND (:=> (:NOT (v= $l $nl)) (change = (dopant $nl) (@ (dopant $l) (start-of (process interval))))) (change = (concentration $nl) (+ (@ (concentration $l) (start-of (process interval))) (implanted-conc (@ (region-type $l) (start-of (process interval))) (process interval)))))) (:=> (:NOT (:OR (v= (@ (dopant $l) (start-of (process interval))) *NO-DOPANT*) (v= (@ (dopant $l) (start-of (process interval))) $dopant))) (:AND (:=> (> (@ (concentration $l) (start-of (process interval))) (implanted-conc (@ (region-type $l) (start-of (process interval))) (process interval))) (:AND (change = (concentration $nl) (- (@ (concentration $l) (start-of (process interval))) (implanted-conc (@ (region-type $l) (start-of (process interval))) (process interval)))) (change = (dopant $nl) (@ (dopant $l) (start-of (process interval)))))) (:=> (:NOT (> (@ (concentration $l) (start-of (process interval))) (implanted-conc (@ (region-type $l) (start-of (process interval))) (process interval)))) (:AND (change = (dopant $nl) $dopant) (change = (concentration $nl)

Modeling Actions197 (- (implanted-conc (@ (region-type $l) (start-of (process interval))) (process interval)) (@ (concentration $l) (start-of (process interval))))))) ))))))(defprocess DAS-DIFFUSION AKO DAS-Create/Modify-Layers parameters (($temperature finite-positive-real) ($duration finite-positive-real)) preconds ((> $temperature MINIMUM-DIFFUSION-TEMPERATURE)) effects ((for-all-existing $l \: layer-region (spi) (:AND (:IFF (consumed-by-diffusion $l (epi)) (destroyed $l (epi))) ;; Diffusion from/to the top only--same basic material (:IF (:AND (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi))) (:OR (v= (@ (below $l) (spi)) THE-ENVIRONMENT) (:NOT (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi)))))) (:AND (:IFF (<= (@ (thickness $l) (spi)) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (consumed-by-diffusion $l (epi))) (:IF (consumed-by-diffusion $l (epi)) (:AND (change = (below (above $l)) (@ (below $l) (spi))) (:IF (:NOT (V= (@ (below $l) (spi)) THE-ENVIRONMENT)) (change = (above (below $l)) (@ (above $l) (spi)))))) (:IF (:AND (:NOT (consumed-by-diffusion $l (epi))) (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))))) (:AND (change - (thickness $l) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (change - (top-pos $l) (diffusion-distance $duration $temperature

198Appendix B: (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (:=> (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (change - (concentration $l) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) )))))) ;; Diffusion from/to the bottom only--same basic material (:IF (:AND (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))) (:OR (v= (@ (above $l) (spi)) THE-ENVIRONMENT) (:NOT (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi)))))) (:AND (:IFF (:NOT (> (@ (thickness $l) (spi)) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (consumed-by-diffusion $l (epi))) (:IF (consumed-by-diffusion $l (epi)) (:AND (:IF (V= $l (@ (surface (region-type $l)) (spi))) (change = (surface (@ (region-type $l) (spi))) (@ (below $l) (spi)))) (change = (above (below $l)) (@ (above $l) (spi))) (:IF (:NOT (V= (@ (above $l) (spi)) THE-ENVIRONMENT)) (change = (below (above $l)) (@ (below $l) (spi)))))) (:IF (:AND (:NOT (consumed-by-diffusion $l (epi))) (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:AND (change - (thickness $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (change + (bottom-pos $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (:IF (> (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi))) (change - (concentration $l) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))) )))))

Modeling Actions199 ;; Diffusion from/to both top and bottom--same basic material (:IF (:AND (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))) (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi)))) (:AND (:IFF (:NOT (> (@ (thickness $l) (spi)) (+ (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))))) (consumed-by-diffusion $l (epi))) (:IF (consumed-by-diffusion $l (epi)) (:AND (change = (above (below $l)) (@ (above $l) (spi))) (change = (below (above $l)) (@ (below $l) (spi))))) (:IF (:AND (> (@ (thickness $l) (spi)) (+ (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:OR (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))))) (:AND (change - (thickness $l) (+ (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:=> (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (change - (top-pos $l) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi))

200Appendix B: (@ (concentration $l) (spi))))) (:=> (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (change + (bottom-pos $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:=> (:OR (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (> (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))) (change - (concentration $l) (+ (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))) ))))))))) constraints ((for-all-existing $l \: layer-region (epi) (:AND (:=> (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (>= (@ (concentration $l) (epi)) (@ (concentration (above $l)) (epi)))) (:=> (< (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (<= (@ (concentration $l) (epi)) (@ (concentration (above $l)) (epi)))) (n= (@ (top-pos $l) (epi)) (@ (bottom-pos (above $l)) (epi))))) (DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval)))))

Modeling Actions201;; Simultaneous oxidation and diffusion, barring diffusion-induced topological;; changes.(defprocess DAS-OXIDATION AKO DAS-Create/Modify-Layers parameters (($temperature finite-positive-real) ($duration finite-positive-real) ($ox-duration finite-positive-real)) preconds ((> $temperature MINIMUM-DIFFUSION-TEMPERATURE)) effects (;; Layer-regions can be consumed by oxidation only (for-all-existing $l \: layer-region (spi) (:IFF (destroyed $l (epi)) (consumed-by-oxidation $l (epi)))) ;; If the surface layer oxidizes, there will be an oxide at the ;; surface at the end of the process (for-all-existing $rt \: region-type (spi) (:=> (:AND (:NOT (is-type oxide (@ (material (surface $rt)) (spi)))) (> (oxidation-rate $temperature (@ (material (surface $rt)) (spi)) 0.0) 0.0)) (CREATED ($oxide-layer-region layer-region (spi)) (member $oxide-layer-region (new-layer (@ (layer (surface $rt)) (spi)) (PI))) (member (@ (layer (surface $rt)) (spi)) (new-layers (process interval))) (change = (surface $rt) $oxide-layer-region) (change = (region-type $oxide-layer-region) $rt) (change = (above $oxide-layer-region) THE-ENVIRONMENT) (change = (material $oxide-layer-region) |Oxide|) (change = (dopant $oxide-layer-region) *NO-DOPANT*)))) (for-all-existing $l \: layer-region (spi) (:=> (:NOT (is-type oxide (@ (material $l) (spi)))) (:AND ;; Oxidation effects (:IFF (>= $ox-duration (oxidation-destroy-time $l $temperature (spi))) (consumed-by-oxidation $l (epi))) (:IFF (:AND (>= $ox-duration (oxidation-destroy-time (@ (above $l) (spi)) $temperature (spi))) (:NOT (consumed-by-oxidation $l (epi)))) (uppermost-oxidation-survivor $l (process interval))) ;; $l is uppermost layer that survives oxidation

202Appendix B: (:IF (uppermost-oxidation-survivor $l (process interval)) ;; Oxidation without diffusion (no diffusion between materials) (:IF (:OR (v= (@ (dopant $l) (spi)) *no-dopant*) (:NOT (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))))) (:IF (:AND (> $ox-duration (oxidation-destroy-time (@ (above $l) (spi)) $temperature (spi))) (> (oxidation-rate $temperature (@ (material $l) (spi)) (oxide-thickness-above (@ (above $l) (spi)) (spi))) 0.0)) (change - (top-pos $l) (amount-oxidized $l))))) (:IF (:NOT (consumed-by-oxidation $l (epi))) (:AND ;; Diffusion effects ;; Diffusion from/to the top only--same basic material (no oxidation) (:IF (:AND (:NOT (uppermost-oxidation-survivor $l (PI))) (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi))) (:OR (v= (@ (below $l) (spi)) THE-ENVIRONMENT) (:NOT (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi)))))) (:AND (:=> (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (:AND (change - (top-pos $l) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (:IF (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (change - (concentration $l) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) )))))) ;; Diffusion from/to the bottom only-- ;; same basic material (oxidation may be involved) (:IF (:AND (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (v= (@ (material $l) (spi))

Modeling Actions203 (@ (material (below $l)) (spi))) (:OR (v= (@ (above $l) (spi)) THE-ENVIRONMENT) (:NOT (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi)))) (uppermost-oxidation-survivor $l (PI)))) (:AND (:IFF (:NOT (uppermost-oxidation-survivor $l (PI))) (N= (oxidation-reduced-thickness $l (spi)) (@ (thickness $l) (spi)))) (:IFF (uppermost-oxidation-survivor $l (PI)) (N= (oxidation-reduced-thickness $l (spi)) (- (@ (thickness $l) (spi)) (amount-oxidized $l)))) (:IF (uppermost-oxidation-survivor $l (PI)) (change - (top-pos $l) (amount-oxidized $l))) (:IF (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (:AND (change + (bottom-pos $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (:IF (> (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi))) (change - (concentration $l) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))) ))))) ;; Diffusion from/to both top and bottom-- ;; same basic material (no oxidation) (:IF (:AND (:NOT (v= (@ (above $l) (spi)) THE-ENVIRONMENT)) (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))) (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi))) (:NOT (uppermost-oxidation-survivor $l (PI)))) (:IF (:OR (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:AND

204Appendix B: (:IF (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (change - (top-pos $l) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))))) (:IF (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (change + (bottom-pos $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:IF (:OR (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (> (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))) (change - (concentration $l) (+ (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))))) )))))))) ;; Handle changes in layer thickness for non-oxide layers (for-all-existing $l |:| layer-region (epi) (:IF (:NOT (:OR (is-type oxide (@ (material $l) (spi))) (:AND (n= (@ (top-pos $l) (spi)) (@ (top-pos $l) (epi))) (n= (@ (bottom-pos $l) (spi)) (@ (bottom-pos $l) (epi)))))) (change = (thickness $l) (- (@ (top-pos $l) (epi)) (@ (bottom-pos $l) (epi)))))) ;; Handle effects on the Oxide layer (for-all-existing $l \: layer-region (spi) (:IF (:AND (:NOT (is-type oxide (@ (material $l) (spi)))) (uppermost-oxidation-survivor $l (process interval)) (is-type oxide (@ (material (oxide-layer-region $l)) (epi)))) (:AND (change = (thickness (oxide-layer-region $l)) (+ (oxide-thickness-above (@ (above $l) (spi)) (spi)) (* (amount-oxidized $l) (oxide-density-ratio (@ (material $l) (spi)))

Modeling Actions205 ))) (change = (bottom-pos (oxide-layer-region $l)) (- (@ (top-pos $l) (spi)) (amount-oxidized $l))) (change = (top-pos (oxide-layer-region $l)) (+ (+ (oxide-thickness-above (@ (above $l) (spi)) (spi)) (* (amount-oxidized $l) (oxide-density-ratio (@ (material $l) (spi))))) (- (@ (top-pos $l) (spi)) (amount-oxidized $l)))) (change = (above $l) (oxide-layer-region $l)) (change = (below (oxide-layer-region $l)) $l))))) constraints ((<= $ox-duration $duration) (for-all-existing $l \: layer-region (spi) (:=> (:AND (:not (v= (@ (above $l) (spi)) THE-ENVIRONMENT)) (v= (@ (material $l) (spi)) (@ (material (above $l)) (epi))) (:not (destroyed $l (epi))) (v= (@ (above $l) (spi)) (@ (above $l) (epi)))) (:AND (:=> (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (>= (@ (concentration $l) (epi)) (@ (concentration (above $l)) (epi)))) (:=> (< (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (<= (@ (concentration $l) (epi)) (@ (concentration (above $l)) (epi))))))) (for-all-existing $lr |:| layer-region (end-of (PI)) (:AND (> (@ (top-pos $lr) (end-of (process interval))) (@ (bottom-pos $lr) (end-of (process interval)))) (> (@ (thickness $lr) (end-of (process interval))) 0.0))) (for-all-existing $l \: layer-region (epi) (:=> (:not (v= (@ (above $l) (epi)) THE-ENVIRONMENT)) (n= (@ (top-pos $l) (epi)) (@ (bottom-pos (above $l)) (epi))))) (DEFN AMOUNT-OXIDIZED ($l) (* (- $ox-duration (oxidation-destroy-time (@ (above $l) (start-of (process interval))) $temperature (start-of (process interval)))) (oxidation-rate $temperature (@ (material $l) (start-of (process interval))) (oxide-thickness-above (@ (above $l) (start-of (process interval))) (start-of (process interval)))))) (DEFN OXIDE-LAYER-REGION ($lr) (@ (surface (region-type $lr)) (end-of (process interval))))

206Appendix B: (DEFN SPI () (start-of (process interval))) (DEFN PI () (process interval)) (DEFN EPI () (end-of (process interval)))));; Simultaneous oxidation and drive-in diffusion. Does not handle enhancement of;; diffusion by oxidation, nor diffusion across material boundaries. Also, does;; not handle loss or pile-up of dopant due to advancing oxide-silicon boundary.(defprocess DAS-OX/DRIVE-IN AKO DAS-Create/Modify-Layers parameters (($temperature finite-positive-real) ($duration finite-positive-real) ($ox-duration finite-positive-real)) preconds ((> $temperature MINIMUM-DIFFUSION-TEMPERATURE)) effects (;; Layer-regions can be consumed by oxidation or diffusion only (for-all-existing $l \: layer-region (spi) (:IFF (destroyed $l (epi)) (:OR (consumed-by-oxidation $l (epi)) (consumed-by-diffusion $l (epi))))) ;; If the surface layer oxidizes, there will be an oxide at the ;; surface at the end of the process (for-all-existing $rt \: region-type (spi) (:=> (:AND (:NOT (is-type oxide (@ (material (surface $rt)) (spi)))) (> (oxidation-rate $temperature (@ (material (surface $rt)) (spi)) 0.0) 0.0)) (CREATED ($oxide-layer-region layer-region (spi)) (member $oxide-layer-region (new-layer (@ (layer (surface $rt)) (spi)) (PI))) (member (@ (layer (surface $rt)) (spi)) (new-layers (PI))) (change = (surface $rt) $oxide-layer-region) (change = (region-type $oxide-layer-region) $rt) (change = (above $oxide-layer-region) THE-ENVIRONMENT) (change = (material $oxide-layer-region) |Oxide|) (change = (dopant $oxide-layer-region) *no-dopant*)))) (for-all-existing $l \: layer-region (spi) (:=> (:NOT (is-type oxide (@ (material $l) (spi)))) (:AND ;; Oxidation effects (:IFF (>= $ox-duration (oxidation-destroy-time $l $temperature (spi))) (consumed-by-oxidation $l (epi))) (:IFF (:AND (>= $ox-duration (oxidation-destroy-time (@ (above $l) (spi)) $temperature (spi)))

Modeling Actions207 (:NOT (consumed-by-oxidation $l (epi)))) (uppermost-oxidation-survivor $l (process interval))) ;; $l is uppermost layer that survives oxidation (:IF (uppermost-oxidation-survivor $l (process interval)) ;; Oxidation without diffusion (no diffusion between materials) (:IF (:OR (v= (@ (dopant $l) (spi)) *NO-DOPANT*) (:NOT (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))))) (:IF (:AND (> $ox-duration (oxidation-destroy-time (@ (above $l) (spi)) $temperature (spi))) (> (oxidation-rate $temperature (@ (material $l) (spi)) (oxide-thickness-above (@ (above $l) (spi)) (spi))) 0.0)) (change - (top-pos $l) (amount-oxidized $l))))) (:IF (:NOT (consumed-by-oxidation $l (epi))) (:AND ;; Diffusion effects ;; Diffusion from/to the top only--same basic material (no oxidation) (:IF (:AND (:NOT (uppermost-oxidation-survivor $l (PI))) (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi))) (:OR (v= (@ (below $l) (spi)) THE-ENVIRONMENT) (:NOT (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi)))))) (:AND (:IFF (<= (@ (thickness $l) (spi)) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (consumed-by-diffusion $l (epi))) (:IF (consumed-by-diffusion $l (epi)) (:AND (change = (below (above $l)) (@ (below $l) (spi))) (:=> (:NOT (V= (@ (below $l) (spi)) THE-ENVIRONMENT)) (change = (above (below $l)) (@ (above $l) (spi)))))) (:=> (:AND (> (@ (thickness $l) (spi)) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))))

208Appendix B: (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))))) (:AND (change - (top-pos $l) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (:IF (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (change - (concentration $l) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) )))))) ;; Diffusion from/to the bottom only-- ;; same basic material (oxidation may be involved) (:IF (:AND (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))) (:OR (v= (@ (above $l) (spi)) THE-ENVIRONMENT) (:NOT (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi)))) (uppermost-oxidation-survivor $l (PI)))) (:AND (:IFF (:NOT (uppermost-oxidation-survivor $l (PI))) (N= (oxidation-reduced-thickness $l (spi)) (@ (thickness $l) (spi)))) (:IFF (uppermost-oxidation-survivor $l (PI)) (N= (oxidation-reduced-thickness $l (spi)) (- (@ (thickness $l) (spi)) (amount-oxidized $l)))) (:IFF (<= (oxidation-reduced-thickness $l (spi)) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (consumed-by-diffusion $l (epi))) (:IF (consumed-by-diffusion $l (epi)) (:IF (:NOT (uppermost-oxidation-survivor $l (PI))) (:AND (change = (above (below $l)) (@ (above $l) (spi))) (change = (below (above $l)) (@ (below $l) (spi)))))) (:IF (:NOT (consumed-by-diffusion $l (epi))) (:AND (:IF (uppermost-oxidation-survivor $l (PI)) (change - (top-pos $l) (amount-oxidized $l))) (:IF

Modeling Actions209 (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (:AND (change + (bottom-pos $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (:IF (> (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi))) (change - (concentration $l) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi))) )))))))) ;; Diffusion from/to both top and bottom-- ;; same basic material (no oxidation) (:IF (:AND (:NOT (v= (@ (above $l) (spi)) THE-ENVIRONMENT)) (:NOT (v= (@ (below $l) (spi)) THE-ENVIRONMENT)) (v= (@ (material $l) (spi)) (@ (material (below $l)) (spi))) (v= (@ (material $l) (spi)) (@ (material (above $l)) (spi))) (:NOT (uppermost-oxidation-survivor $l (PI)))) (:AND (:IFF (<= (@ (thickness $l) (spi)) (+ (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (consumed-by-diffusion $l (epi))) (:IF (consumed-by-diffusion $l (epi)) (:AND (change = (above (below $l)) (@ (above $l) (spi))) (change = (below (above $l)) (@ (below $l) (spi))))) (:IF (:AND (:NOT (consumed-by-diffusion $l (epi))) (:OR (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))))) (:AND

210Appendix B: (:IF (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi)))) (change - (top-pos $l) (diffusion-distance $duration $temperature (@ (concentration (above $l)) (spi)) (@ (concentration $l) (spi))))) (:IF (<> 0.0 (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi)))) (change + (bottom-pos $l) (diffusion-distance $duration $temperature (@ (concentration (below $l)) (spi)) (@ (concentration $l) (spi))))) (:IF (:OR (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (> (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))) (change - (concentration $l) (+ (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (diffusion-depletion $duration $temperature (@ (concentration $l) (spi)) (@ (concentration (below $l)) (spi)))))) ))))))))) ;; Handle changes in layer thickness for non-oxide layers (for-all-existing $l |:| layer-region (epi) (:IF (:NOT (:OR (is-type oxide (@ (material $l) (spi))) (:AND (n= (@ (top-pos $l) (spi)) (@ (top-pos $l) (epi))) (n= (@ (bottom-pos $l) (spi)) (@ (bottom-pos $l) (epi)))))) (change = (thickness $l) (- (@ (top-pos $l) (epi)) (@ (bottom-pos $l) (epi)))))) ;; Handle effects on the Oxide layer (for-all-existing $l \: layer-region (spi) (:IF (:AND (:NOT (is-type oxide (@ (material $l) (spi)))) (uppermost-oxidation-survivor $l (process interval)) (is-type oxide (@ (material (oxide-layer-region $l)) (epi)))) (:AND (change = (thickness (oxide-layer-region $l)) (+ (oxide-thickness-above (@ (above $l) (spi)) (spi)) (* (amount-oxidized $l) (oxide-density-ratio (@ (material $l) (spi)))))) (change = (bottom-pos (oxide-layer-region $l))

Modeling Actions211 (- (@ (top-pos $l) (spi)) (amount-oxidized $l))) (change = (top-pos (oxide-layer-region $l)) (+ (+ (oxide-thickness-above (@ (above $l) (spi)) (spi)) (* (amount-oxidized $l) (oxide-density-ratio (@ (material $l) (spi))))) (- (@ (top-pos $l) (spi)) (amount-oxidized $l)))) (:IF (destroyed $l (epi)) (:AND (change = (above (below $l)) (oxide-layer-region $l)) (change = (below (oxide-layer-region $l)) (@ (below $l) (spi))))) (:IF (:NOT (destroyed $l (epi))) (:AND (change = (above $l) (oxide-layer-region $l)) (change = (below (oxide-layer-region $l)) $l))))))) constraints ((<= $ox-duration $duration) (for-all-existing $l \: layer-region (spi) (:=> (:AND (:not (v= (@ (above $l) (spi)) THE-ENVIRONMENT)) (v= (@ (material $l) (spi)) (@ (material (above $l)) (epi))) (:not (destroyed $l (epi))) (v= (@ (above $l) (spi)) (@ (above $l) (epi)))) (:AND (:=> (> (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (>= (@ (concentration $l) (epi)) (@ (concentration (above $l)) (epi)))) (:=> (< (@ (concentration $l) (spi)) (@ (concentration (above $l)) (spi))) (<= (@ (concentration $l) (epi)) (@ (concentration (above $l)) (epi))))))) (for-all-existing $lr |:| layer-region (EPI) (:AND (> (@ (top-pos $lr) (end-of (process interval))) (@ (bottom-pos $lr) (end-of (process interval)))) (> (@ (thickness $lr) (end-of (process interval))) 0.0))) (for-all-existing $l \: layer-region (epi) (:=> (:not (v= (@ (above $l) (epi)) THE-ENVIRONMENT)) (n= (@ (top-pos $l) (epi)) (@ (bottom-pos (above $l)) (epi))))) (DEFN AMOUNT-OXIDIZED ($l) (* (- $ox-duration (oxidation-destroy-time (@ (above $l) (start-of (process interval))) $temperature (start-of (process interval)))) (oxidation-rate $temperature (@ (material $l) (start-of (process interval)))

212Appendix B: (oxide-thickness-above (@ (above $l) (start-of (process interval))) (start-of (process interval)))))) (DEFN OXIDE-LAYER-REGION ($lr) (@ (surface (region-type $lr)) (end-of (process interval)))) (DEFN PI () (process interval)) (DEFN SPI () (start-of (process interval))) (DEFN EPI () (end-of (process interval)))));; Diffusion from polysilicon into silicon, creating a new doped region;; Highly specific to the Stanford BiCMOS process---used to create emitter region;; and N+ Source/Drain contacts.(defprocess DAS-Poly-Source-Diffusion AKO DAS-Ox/Drive-in effects ((for-all-existing $l \: layer-region (SPI) (:IF (:AND (:NOT (consumed-by-oxidation $l (EPI))) (is-type polysilicon (@ (material $l) (SPI))) (is-type silicon (@ (material (below $l)) (SPI))) (:NOT (is-type polysilicon (@ (material (below $l)) (SPI))))) (:IF (> (@ (concentration $l) (SPI)) (@ (concentration (below $l)) (SPI))) (CREATED ($NL layer-region (SPI)) (member $NL (new-layer (@ (layer (below $l)) (SPI)) (PI))) (member (@ (layer (below $l)) (SPI)) (new-layers (process interval))) (change = (below $l) $nl) (change = (region-type $nl) (@ (region-type $l) (SPI))) (change = (top-pos $nl) (@ (top-pos (below $l)) (SPI))) (change = (above $nl) $l) (change - (concentration $l) (/ (xfer-dose $l) (@ (thickness $l) (SPI)))) (change - (top-pos (below $l)) (junction-depth $l)) (change - (thickness (below $l)) (junction-depth $l)) (change = (bottom-pos $nl) (- (@ (top-pos (below $l)) (SPI)) (junction-depth $l))) (change = (thickness $nl) (junction-depth $l)) (change = (below $nl) (@ (below $l) (SPI))) (change = (dopant $nl) (@ (dopant $l) (SPI))) (:IF (v= (@ (dopant-type (dopant $l)) (SPI)) (@ (dopant-type (dopant (below $l))) (SPI))) (change = (concentration $nl) (@ (concentration $l) (EPI)))) (:IF (:NOT (v= (@ (dopant-type (dopant $l)) (SPI)) (@ (dopant-type (dopant (below $l))) (SPI)))) (change = (concentration $nl) (- (@ (concentration $l) (EPI))

Modeling Actions213 (@ (concentration (below $l)) (SPI))))) (change = (material $nl) (@ (material (below $l)) (SPI))) (change = (above (below $l)) $nl))) ))) constraints ((DEFN XFER-DOSE ($l) (transferred-dose $duration $temperature $l (@ (below $l) (SPI)))) (DEFN Junction-Depth ($l) (Diffused-Junction-depth $duration $temperature $l (@ (below $l) (SPI))))) )

Appendix C: Axioms Supporting the ModelsThis appendix exhibits the generic predicate and generic functions, as well as a few�daemons� employed by the DAS qualitative simulator.(defnoticer Is-Type ((IS-TYPE ?type ?object) :intern Gordius::*process*) (unless (rup:free-var ^(IS-TYPE ?type ?object)) (let ((class (rup::term-name ^?type)) (instance (history::term-teval ^?object))) (unless (unknown? instance) (assert-expr ^(IS-TYPE ?type ?object) ’DOMAIN-MODEL (if (typep instance class) :TRUE :FALSE))))))(def-generic-function Any-Member ((set (set . temporal-object))) temporal-object (when (not (null (history::set-members set))) (gd::set-term-value Any-Member (first (history::set-members set)))))(def-generic-predicate Is-Soft-Photoresist? ((object temporal-object)) (assert-expr ^?Is-Soft-Photoresist? ’DOMAIN-MODEL (if (typep object ’(and (or exposed-pos-photoresist exposed-photoresist neg-photoresist) (not exposed-neg-photoresist))) :TRUE :FALSE)))(def-generic-predicate Destroyed ((object temporal-object) (time time)))(def-generic-predicate Converted ((object temporal-object) (time time)))(def-generic-predicate Consumed-by-Etching ((object temporal-object) (time time)))(def-generic-predicate Consumed-by-Oxidation ((object temporal-object) (time time)))(def-generic-predicate Consumed-by-Diffusion ((object temporal-object) (time time)))(def-generic-predicate Uppermost-Oxidation-Survivor ((l layer-region) (i time-interval)))(def-generic-predicate Adherent ((super-mat material-type) (sub-mat material-type)) (assert-expr ^?Adherent ’DOMAIN-MODEL (if (cond ((typep super-mat ’polysilicon) (not (typep sub-mat ’photoresist))) ((typep super-mat ’nitride) (or (typep sub-mat ’oxide) (typep sub-mat ’polysilicon))) ((typep super-mat ’photoresist) (not (typep sub-mat ’photoresist))) ((typep super-mat ’tungsten) (typep sub-mat ’polysilicon))

Axioms Supporting the Models215 ((typep super-mat ’oxide) (not (typep sub-mat ’photoresist))) ((typep super-mat ’metal) (not (typep sub-mat ’photoresist))) ((typep super-mat ’silicon) (typep sub-mat ’silicon))) :TRUE :FALSE)))(def-generic-predicate Accepts-Dopant? ((mat material-type) (dop dopant)) ;; For now, allow any material to accept any dopant (assert-expr ^?Accepts-Dopant? ’DOMAIN-MODEL :TRUE))(def-generic-function New-Layer ((old-layer layer) (step time-interval)) (set . layer-region))(def-generic-function Etch-Destroy-Time ((l layer-region) (i time-interval)) real (if (typep l ’ENVIRONMENT) (assert-expr ^(n= ?Etch-Destroy-Time 0.0) ’DOMAIN-MODEL) (let ((layer (rup:seal l)) (i-term (second (rup::subterms (rup:seal (start-of i)))))) (assert-expr ^(n= ?Etch-Destroy-Time (+ (etch-destroy-time (@ (above ?layer) (start-of ?i-term)) ?i-term) (/ (@ (thickness ?layer) (start-of ?i-term)) (etch-rate ?layer ?i-term)))) ’DOMAIN-MODEL))));;; All etchants have finite, non-negative etch-rates for all materials(defnoticer All-Etch-Rates-Finite ((PARAMETER-OF ?process $ETCHANT ?etchant) :TRUE GD::*process*) (let ((I (process::get-time-of-process ^?process))) (assert-expr ^(FOR-ALL-EXISTING $L \: Layer-Region (start-of ?I) (:AND (<= 0.0 (etch-rate $L ?I)) (< (etch-rate $L ?I) +INFINITY))) ’DOMAIN-MODEL)))(eval-when (load eval compile) (defmacro defEtchRateRule (etchant (layer-region interval) rule-form) ‘(defnoticer ,(intern (concatenate ’string (symbol-name etchant) "-ETCH-RATE")) ((PARAMETER-OF ?process $ETCHANT ,etchant) :TRUE GD::*process*) (let ((I (process::get-time-of-process ^?process))) (assert-expr ,(rup::term-expand (rup::parse-term ‘(FOR-ALL-EXISTING ,layer-region \: Layer-Region (start-of ?I) ,(subst ’?I interval rule-form)))) ’DOMAIN-MODEL)))))

216Appendix C:;;; |6:1 Buffered HF| etches Oxide, but not silicon or nitride?(defEtchRateRule |6:1 Buffered HF| ($L $I) (:AND (:=> (is-type oxide (@ (material $L) (start-of $I))) (> (etch-rate $L $I) 0.0)) (:=> (:OR (is-type nitride (@ (material $L) (start-of $I))) (is-type silicon (@ (material $L) (start-of $I))) (is-type photoresist (@ (material $L) (start-of $I)))) (N= (etch-rate $L $I) 0.0))));;; |50:1 HF| etches Oxide, but not silicon or nitride?(defEtchRateRule |50:1 HF| ($L $I) (:AND (:=> (is-type oxide (@ (material $L) (start-of $I))) (> (etch-rate $L $I) 0.0)) (:=> (:OR (is-type nitride (@ (material $L) (start-of $I))) (is-type silicon (@ (material $L) (start-of $I))) (is-type photoresist (@ (material $L) (start-of $I)))) (N= (etch-rate $L $I) 0.0))));;; Refluxed-H3PO4 etches oxide and nitride but not silicon?(defEtchRateRule Refluxed-H3PO4 ($L $I) (:AND (:=> (:OR (is-type nitride (@ (material $L) (start-of $I))) (is-type oxide (@ (material $L) (start-of $I)))) (> (etch-rate $L $I) 0.0)) (:=> (:OR (is-type silicon (@ (material $L) (start-of $I))) (is-type photoresist (@ (material $L) (start-of $I)))) (N= (etch-rate $L $I) 0.0))))(def-generic-function Layer-Closure ((layer layer) (time time)) (set . layer-region) (assert-expr ^(v= ?Layer-Closure ?(rup::termhashcons2 (cons ^set (mapcar #’rup::seal (history::set-members (attribute-at-time layer ’layer-regions time)))))) ’Closed-World-Assumption))(def-generic-function Detected-Layer-Regions ((step time-interval)) (set . layer-region))(def-generic-function Solid-Solubility ((mat material-type) (dopant dopant)) positive-real (assert-expr ^(> ?Solid-Solubility ++CONCENTRATION) ’DOMAIN-MODEL))

Axioms Supporting the Models217(defnoticer Pre-Dep-Conc ((PRE-DEP-CONC ?vapor-pressure ?mat ?dopant) :intern Gordius::*process*) (unless (rup:free-var ^(PRE-DEP-CONC ?vapor-pressure ?mat ?dopant)) (let ((solid-solubility ^(solid-solubility ?mat ?dopant))) (assert-expr ^(:and (<= (PRE-DEP-CONC ?vapor-pressure ?mat ?dopant) ?solid-solubility) (:=> (>= ?vapor-pressure PRE-DEP-THRESHOLD) (n= (PRE-DEP-CONC ?vapor-pressure ?mat ?dopant) ?solid-solubility))) ’DOMAIN-MODEL))))(rup:init-form (assert-expr ’(FUNCTIONAL PRE-DEP-CONC (((>= ARG1 PRE-DEP-THRESHOLD) IND) ((< ARG1 PRE-DEP-THRESHOLD) MI)) NA NA)));;; Generic functions and predicates for photolithography model.(def-generic-function EXPOSED-REGION-TYPE ((ld region-type) (i time-interval)) region-type)(def-generic-function EXPOSED-LAYER-REGION ((l layer-region) (i time-interval)) layer-region)(def-generic-function ALTERED-REGIONS ((ld region-type) (i time-interval)) (set . wafer-region))(def-generic-function UNALTERED-REGIONS ((ld region-type) (i time-interval)) (set . wafer-region))(def-generic-function UNALTERED-REGION-TYPES ((i time-interval)) (set . region-type))(def-generic-function UNALTERED-REGION-TYPES-CLOSURE ((i time-interval)) (set . region-type) (let* ((i-term (second (rup::subterms (rup:seal (start-of i))))) (set (gd::term-teval ^(UNALTERED-REGION-TYPES ?i-term)))) (if (history::unknown-object-p set) (assert-expr ^(:NOT (exists $rt e ?Unaltered-Region-Types-Closure)) ’Closed-World-Assumption) (assert-expr ^(v= ?Unaltered-Region-Types-Closure ?(rup::termhashcons2 (cons ^set (mapcar #’rup::seal (history::set-members set))))) ’Closed-World-Assumption))))(proclaim ’(special neg-photoresist-exposed pos-photoresist-exposed photoresist-exposed))(def-generic-function EXPOSED-MATERIAL ((mat material-type)) material-type (gd::set-term-value exposed-material (exposed-material mat) ’DOMAIN-MODEL))(gd::init-form (assert-expr ’(OLD-MASK-REGION-TYPE LD1 *BOTTOM*) ’DOMAIN-MODEL))(defnoticer Old-Mask-Region-Type ((EXPOSED-REGION-TYPE ?ignore ?ignore) :INTERN GD::*PROCESS*) (unless (gd::free-var ^(EXPOSED-REGION-TYPE ?ignore ?ignore)) (gd::add-value-noticer gd::*process* #’old-mask-region-type ^(EXPOSED-REGION-TYPE ?ignore ?ignore))))

218Appendix C:(defun old-mask-region-type (term) (when (gd::real-object? (gd::term-value term)) (assert-expr ^(OLD-MASK-REGION-TYPE ?(gd::seal (gd::term-value term)) ?(gd::seal (gd::term-value (second (gd::subterms term))))) ’DOMAIN-MODEL)))(def-generic-function DIFFUSION-DISTANCE (($duration positive-real) ($temperature positive-real) ($concentration1 real) ($concentration2 real)) REAL (assert-expr ^(?(gd::term (gd::qrelations $concentration1 $concentration2)) ?Diffusion-Distance 0.0) ’DOMAIN-MODEL) (let* ((args (cdr (gd::subterms Diffusion-Distance))) (duration (first args)) (temperature (second args)) (c1 (third args)) (c2 (fourth args))) (assert-expr ^(n= ?Diffusion-Distance (minus (diffusion-distance ?duration ?temperature ?c2 ?c1))))))(gd::init-form (assert-expr ’(FUNCTIONAL DIFFUSION-DISTANCE (((N= ARG3 ARG4) IND) ((< ARG3 ARG4) MD) ((> ARG3 ARG4) MI)) (((N= ARG3 ARG4) IND) ((< ARG3 ARG4) MD) ((> ARG3 ARG4) MI)) MI MD)))(def-generic-function DIFFUSION-DEPLETION (($duration positive-real) ($temperature positive-real) ($encroacher-concentration real) ($encroachee-concentration real)) REAL (cond ((gd::qis-true? $encroacher-concentration ’> $encroachee-concentration) (assert-expr ^(> ?Diffusion-Depletion 0.0) ’DOMAIN-MODEL) (assert-expr ^(<= ?Diffusion-Depletion (- ?(gd::seal $encroacher-concentration) ?(gd::seal $encroachee-concentration))) ’DOMAIN-MODEL)) (t (assert-expr ^(n= ?Diffusion-Depletion 0.0) ’DOMAIN-MODEL))))(gd::init-form (assert-expr ’(FUNCTIONAL DIFFUSION-DEPLETION MI MI MI MD)))(def-generic-function Transmission-Energy ((l layer-region) (time time)) non-negative-real (let ((layer (gd::seal l)) (time-term (gd::seal time))) (cond ((typep l ’environment) (assert-expr ^(n= ?Transmission-Energy 0.0) ’DOMAIN-MODEL)) ((typep (history::@ (history::oget-safe l ’material) time) ’photoresist)

Axioms Supporting the Models219 ;; Assume implants never pass through photoresist (assert-expr ^(n= ?Transmission-Energy +INFINITY) ’DOMAIN-MODEL)) (T (assert-expr ^(n= ?Transmission-Energy (+ (transmission-energy (@ (above ?layer) ?time-term) ?time-term) (/ (@ (thickness ?layer) ?time-term) (energy-loss-rate (@ (material ?layer) ?time-term))))) ’DOMAIN-MODEL)))))(def-generic-function Energy-Loss-Rate ((mat material-type)) positive-real)(def-generic-function Ion-Spread ((median-distance positive-real)) positive-real)(gd::init-form (assert-expr ’(FUNCTIONAL ION-SPREAD MI)))(def-generic-function Implanted-Conc ((r region-type) (i time-interval)) positive-real (let* ((i-term (second (rup::subterms (rup:seal (start-of i))))) (region-term (gd::seal r)) (dose-term (process::get-process-parameter ^$dose (process::get-process-at i-term)))) (assert-expr ^(n= ?implanted-Conc (ion-conc ?dose-term (ion-spread (median-implant-distance ?region-term ?i-term)))))))(def-generic-function Ion-Conc ((dose positive-real) (spread positive-real)) positive-real (let ((dose-term (gd::seal dose)) (spread-term (gd::seal spread))) (assert-expr ^(n= ?ion-conc (/ ?dose-term ?spread-term)))))(gd::init-form (assert-expr ’(FUNCTIONAL ION-CONC MI MD)))(def-generic-function Ion-Top ((rt region-type) (I time-interval)) real (let ((r-term (gd::seal rt)) (i-term (second (rup::subterms (rup:seal (start-of I)))))) (assert-expr ^(N= ?Ion-Top (+ (median-implant-position ?r-term ?i-term) (ion-spread (median-implant-distance ?r-term ?i-term))))) (assert-expr ^(> ?Ion-Top (ion-bottom ?r-term ?i-term)))))(def-generic-function Ion-Bottom ((rt region-type) (I time-interval)) real (let ((r-term (gd::seal rt)) (i-term (second (rup::subterms (rup:seal (start-of I)))))) (assert-expr ^(N= ?Ion-Bottom (- (median-implant-position ?r-term ?i-term) (ion-spread (median-implant-distance ?r-term ?i-term))))) (assert-expr ^(> (ion-top ?r-term ?i-term) ?Ion-Bottom))))

220Appendix C:(def-generic-function Median-Implant-Distance ((rt region-type) (I time-interval)) positive-real)(def-generic-function Median-Implant-Position ((rt region-type) (I time-interval)) real (let* ((r-term (gd::seal rt)) (t-term (rup:seal (start-of I))) (i-term (second (rup::subterms t-term)))) (assert-expr ^(N= ?Median-Implant-Position (- (@ (top-pos (surface ?r-term)) ?t-term) (median-implant-distance ?r-term ?i-term))))))(def-generic-function IMPLANTED-LAYER-REGION ((l layer-region) (i time-interval)) layer-region)(def-generic-function Oxidation-Rate ((temperature positive-real) (mat material-type) (oxide-thickness-above positive-real)) finite-non-negative-real (cond ((typep mat ’silicon) (assert-expr ^(n= ?Oxidation-rate silicon-oxidation-rate))) ((typep mat ’nitride) (assert-expr ^(n= ?Oxidation-rate silicon-nitride-oxidation-rate)))))(gd::init-form (assert-expr ’(> silicon-oxidation-rate 0.0)))(gd::init-form (assert-expr ’(> silicon-nitride-oxidation-rate 0.0)))(gd::init-form (assert-expr ’(> silicon-oxidation-rate silicon-nitride-oxidation-rate)))(gd::init-form (assert-expr ’(FUNCTIONAL OXIDATION-RATE MI NA MD)))(def-generic-function Oxidation-Destroy-Time ((l layer-region) (temperature positive-real) (time time)) non-negative-real (let ((layer (gd::seal l)) (temperature-term (gd::seal temperature)) (time-term (gd::seal time))) (cond ((typep l ’environment) (assert-expr ^(n= ?Oxidation-Destroy-Time 0.0))) ((typep (history::@ (history::oget-safe l ’material) time) ’oxide) (assert-expr ^(n= ?Oxidation-Destroy-Time (oxidation-destroy-time (@ (above ?layer) ?time-term) ?temperature-term ?time-term)))) (T (assert-expr ^(n= ?Oxidation-Destroy-Time (+ (oxidation-destroy-time (@ (above ?layer) ?time-term) ?temperature-term ?time-term) (/ (@ (thickness ?layer) ?time-term) (oxidation-rate ?temperature-term (@ (material ?layer) ?time-term) (oxide-thickness-above (@ (above ?layer) ?time-term) ?time-term))))))))))

Axioms Supporting the Models221(def-generic-function Oxide-Density-Ratio ((mat material-type)) finite-positive-real (cond ((typep mat ’silicon) (assert-expr ^(n= ?Oxide-Density-Ratio silicon-oxide-density-ratio))) ((typep mat ’nitride) (assert-expr ^(n= ?Oxide-Density-Ratio silicon-nitride-oxide-density-ratio)))))(gd::init-form (assert-expr ’(n= silicon-oxide-density-ratio #.(/ 1 0.44)) ’DOMAIN-MODEL))(gd::init-form �(assert-expr ’(> silicon-nitride-oxide-density-ratio 0.0) ’DOMAIN-MODEL))(gd::init-form (assert-expr ’(> silicon-oxide-density-ratio silicon-nitride-oxide-density-ratio) ’DOMAIN-MODEL))(def-generic-function Oxide-Thickness-Above ((l layer-region) (time time)) finite-non-negative-real (let ((layer (gd::seal l)) (time-term (gd::seal time))) (cond ((typep l ’environment) (assert-expr ^(n= ?Oxide-Thickness-Above 0.0) ’DOMAIN-MODEL)) ((typep (attribute-at-time l ’material time) ’oxide) (assert-expr ^(n= ?Oxide-Thickness-Above (+ (@ (thickness ?layer) ?time-term) (oxide-thickness-above (@ (above ?layer) ?time-term) ?time-term))))) (t (assert-expr ^(N= ?Oxide-Thickness-Above (+ (oxide-thickness-above (@ (above ?layer) ?time-term) ?time-term) (* (@ (thickness ?layer) ?time-term) (oxide-density-ratio (@ (material ?layer) ?time-term))))))))))(def-generic-function Resistance ((l layer-region) (fr wafer-region) (time time) (orientation (one-of (constant :horizontal) (constant :vertical)))) positive-real (let ((layer (gd::seal l)) (wafer-region (gd::seal fr)) (time-term (gd::seal time))) (assert-expr ^(N= ?Resistance (* (resistivity ?layer ?time-term) ?(case orientation (:HORIZONTAL ^(/ (width ?wafer-region ?time-term) (* (@ (thickness ?layer) ?time-term) (depth ?layer ?time-term)))) (:VERTICAL ^(/ (@ (thickness ?layer) ?time-term) (* (width ?wafer-region ?time-term) (depth ?layer ?time-term))))))))))

222Appendix C:(def-generic-function Resistivity ((l layer-region) (time time)) finite-positive-real (let* ((layer (gd::seal l)) (time-term (gd::seal time)) (dopant ^(@ (dopant ?layer) ?time-term)) (concentration ^(@ (concentration ?layer) ?time-term)) (sigma (cond ((typep (term-teval dopant) ’N-DOPANT) ^(+ (* (electron-mobility ?concentration) ?concentration) (* (hole-mobility ?concentration) (/ intrinsic-*-squared ?concentration)))) (T ^(+ (* (hole-mobility ?concentration) ?concentration) (* (electron-mobility ?concentration) (/ intrinsic-*-squared ?concentration))))))) (assert-expr ^(N= ?Resistivity (/ 1.0 (* Q ?sigma))))))(def-generic-function Hole-Mobility ((concentration real)) finite-positive-real)(def-generic-function Electron-Mobility ((concentration real)) finite-positive-real)(def-generic-function Width ((wr wafer-region) (time time)) finite-positive-real)(def-generic-function Depth ((l layer-region) (time time)) finite-positive-real)(gd::init-form (progn (make-objectq Q ’finite-positive-real :CONSTANT-QUANTITY-P T) (make-objectq intrinsic-*-squared ’finite-positive-real :CONSTANT-QUANTITY-P T)))

Appendix D: AESOP Causal AssociationsThis appendix lists in an abbreviated form the causal associations between the Process-Anomaly level and the Physical-Structure-Anomaly level in the AESOP knowledge base.The first column of the table contains a number classifying the type of the associationwith respect to our theoretical models. Associations labelled with a 1 treat phenomenathat lie with the Phenomena Scope of the models. Associations labelled with a 2 alsotreat phenomena �understood� by the models, but that involve topological changes toeither the process plan or the wafer structure . Causal associations labelled with a 3 treatphenomena that fall outside the competence of the theoretical models.The remaining columns in the table express the association in the causaldirection. The second column is the name of a Process-Anomaly. The column after theright-pointing arrow names a Physical-Structure-Anomaly that might be caused by theProcess-Anomaly. The final column lists the qualitative estimate of the likelyhood thatoccurence of the indicated Process-Anomaly will manifest the Physical-Structure-Anomaly.For example, the 2nd category causal association in the table indicates that Gate-Ox-Not-Done (omission of the step that grows the gate oxide layer) necessarily causesthe condition Gate-Oxide-Non-Existent .GlossaryGate-Ox[ide]: The thin layer of silicon dioxide that forms the dielectric insulator betweenthe gate and the channel of a MOS transistor;N[P]-Vt-II: The implanted dose of the NMOS[PMOS] threshold adjust implantation step;Poly-Gate-Under[Over]-Etch: insufficient[excessive] etching during the etch step thatpatterns the polysilicon layer used as the gate in the MOS transistors.Sub-Start-Conc: The concentration of dopant in the initial wafer substrate.Well-II: Theimplanted dose of the N-Well implantation step.N[P]-Ch-Conc: The concentration of dopant in the channel of the NMOS[PMOS] device;Channel-Length: The distance between the source and drain of a MOS device.Sub[Well]-Conc: The concentration of dopant in the substrate[N-Well].

224Appendix D:Causal Associations1 Gate-Ox-Temp-High.......... fi.. Gate-Oxide-Thick................ Maybe1 Gate-Ox-Temp-Low........... fi.. Gate-Oxide-Thin................. Maybe1 Gate-Ox-Temp-Very-High..... fi.. Gate-Oxide-Very-Thick........... Maybe1 Gate-Ox-Temp-Very-Low...... fi.. Gate-Oxide-Very-Thin............ Maybe1 Gate-Ox-Time-Long.......... fi.. Gate-Oxide-Thick.......... Very-Likely1 Gate-Ox-Time-Short......... fi.. Gate-Oxide-Thin........... Very-Likely1 Gate-Ox-Time-Very-Long..... fi.. Gate-Oxide-Very-Thick..... Very-Likely1 Gate-Ox-Time-Very-Short.... fi.. Gate-Oxide-Very-Thin...... Very-Likely1 N-Vt-II-High............... fi.. N-Ch-Conc-High................... Must1 N-Vt-II-Low................ fi.. N-Ch-Conc-Low.................... Must1 N-Vt-II-Very-High.......... fi.. N-Ch-Conc-Very-High.............. Must1 N-Vt-II-Very-Low........... fi.. N-Ch-Conc-Very-Low............... Must1 P-Vt-II-High............... fi.. N-Ch-Conc-High............ Very-Likely1 P-Vt-II-High............... fi.. P-Ch-Conc-Low.................. Likely1 P-Vt-II-Low................ fi.. N-Ch-Conc-Low............. Very-Likely1 P-Vt-II-Low................ fi.. P-Ch-Conc-High............ Very-Likely1 P-Vt-II-Very-High.......... fi.. N-Ch-Conc-Very-High....... Very-Likely1 P-Vt-II-Very-High.......... fi.. P-Ch-Conc-Very-Low........ Very-Likely1 P-Vt-II-Very-Low........... fi.. N-Ch-Conc-Very-Low........ Very-Likely1 P-Vt-II-Very-Low........... fi.. P-Ch-Conc-Very-High............ Likely1 Sub-Start-Conc-High........ fi.. P-Ch-Conc-Low............. Very-Likely1 Sub-Start-Conc-High........ fi.. Sub-Conc-High............. Very-Likely1 Sub-Start-Conc-Low......... fi.. Sub-Conc-Low.............. Very-Likely1 Sub-Start-Conc-Very-High... fi.. P-Ch-Conc-Low............. Very-Likely1 Sub-Start-Conc-Very-High... fi.. Sub-Conc-Very-High........ Very-Likely1 Sub-Start-Conc-Very-Low.... fi.. Sub-Conc-Very-Low......... Very-Likely1 Well-II-High............... fi.. P-Ch-Conc-High................. Likely1 Well-II-High............... fi.. Well-Conc-High............ Very-Likely1 Well-II-Low................ fi.. P-Ch-Conc-Low............. Very-Likely1 Well-II-Low................ fi.. Well-Conc-Low............. Very-Likely1 Well-II-Very-High.......... fi.. P-Ch-Conc-Very-High....... Very-Likely1 Well-II-Very-High.......... fi.. Well-Conc-Very-High....... Very-Likely1 Well-II-Very-Low........... fi.. P-Ch-Conc-Very-Low............. Likely1 Well-II-Very-Low........... fi.. Well-Conc-Very-Low........ Very-Likely2 Gate-Ox-Not-Done........... fi.. Gate-Oxide-Non-Existent.......... Must2 N-Vt-II-Not-Masked......... fi.. P-Ch-Conc-High.................. Maybe2 Sub-Start-Conc-Wrong-Type.. fi.. Sub-Conc-Wrong-Type....... Very-Likely2 Well-II-Not-Done........... fi.. Well-Non-Existent......... Very-Likely2 Well-II-Not-Masked......... fi.. Sub-Conc-Wrong-Type............. Maybe2 Well-II-Wrong-Species...... fi.. Well-Non-Existent............... Maybe3 Gate-Ox-Time-Long.......... fi.. P-Ch-Conc-High............ Very-Likely3 Gate-Ox-Time-Short......... fi.. P-Ch-Conc-Low............. Very-Likely3 Gate-Ox-Time-Very-Long..... fi.. P-Ch-Conc-High................. Likely3 Gate-Ox-Time-Very-Short.... fi.. P-Ch-Conc-Low............. Very-Likely3 Poly-Gate-Over-Etch........ fi.. Channel-Length-Short............ Maybe3 Poly-Gate-Over-Etch........ fi.. Channel-Length-Very-Short. Very-Likely3 Poly-Gate-Over-Expose...... fi.. Channel-Length-Short...... Very-Likely3 Poly-Gate-Over-Expose...... fi.. Channel-Length-Very-Short. Very-Likely3 Poly-Gate-Under-Etch....... fi.. Channel-Length-Long............. Maybe3 Poly-Gate-Under-Etch....... fi.. Channel-Length-Very-Long.. Very-Likely3 Poly-Gate-Under-Expose..... fi.. Channel-Length-Long....... Very-Likely3 Poly-Gate-Under-Expose..... fi.. Channel-Length-Very-Long.. Very-Likely

Appendix E: Generic Rules;;;; Generic Rules for the causal associations in the AESOP PIES knowledge base.;;;; John L. Mohammed, 1994;;; Generic Rules for Type 1 causal associations: phenomenon captured by models,;;; and no topological/catastrophic changes involved.;; Oxide thicknesses depend on Oxidation temperatures and times(defGenericRule Ox-Temp-Determines-Ox-Thickness :variables (($oxidation-step |:| time-interval) ($oxide-layer |:| layer)) :conditions ((:OR (is-type das-oxidation (process-at $oxidation-step)) (is-type das-ox/drive-in (process-at $oxidation-step))) (created-during $oxide-layer $oxidation-step) (is-type oxide (@ (material (any-member (@ (layer-regions $oxide-layer) (end-of $oxidation-step)))) (end-of $oxidation-step)))) :rule-patterns ( (((parameter $temperature $oxidation-step) HIGH) --> ((thickness $oxide-layer) THICK) MAYBE) (((parameter $temperature $oxidation-step) LOW) --> ((thickness $oxide-layer) THIN) MAYBE) (((parameter $temperature $oxidation-step) VERY-HIGH) --> ((thickness $oxide-layer) VERY-THICK) MAYBE) (((parameter $temperature $oxidation-step) VERY-LOW) --> ((thickness $oxide-layer) VERY-THIN) MAYBE) (((parameter $duration $oxidation-step) LONG) --> ((thickness $oxide-layer) THICK) VERY-LIKELY) (((parameter $duration $oxidation-step) SHORT) --> ((thickness $oxide-layer) THIN) VERY-LIKELY) (((parameter $duration $oxidation-step) VERY-LONG) --> ((thickness $oxide-layer) VERY-THICK) VERY-LIKELY) (((parameter $duration $oxidation-step) VERY-SHORT) --> ((thickness $oxide-layer) VERY-THIN) VERY-LIKELY) ))

226Appendix E:;; Initial concentrations and implant doses determine implant concentrations;; Same dopant species(defGenericRule Implant-Dose-Affects-Concentration-1 :variables (($implant-step |:| time-interval) ($old-layer e (new-layers $implant-step))) :conditions (;; The step is an implantation step (is-type das-ion-implantation (process-at $implant-step)) (is-type silicon (@ (material (any-member (@ (layer-regions $old-layer) (start-of $implant-step)))) (start-of $implant-step))) ;; The implant element type is the same as the existing dominant dopant (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)))) :rule-patterns ( ((($dose $implant-step) HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) HIGH) MUST) ((($dose $implant-step) LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) LOW) MUST) ((($dose $implant-step) VERY-HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-HIGH) MUST) ((($dose $implant-step) VERY-LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-LOW) MUST) (((concentration $old-layer) HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) HIGH) VERY-LIKELY) (((concentration $old-layer) LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) LOW) VERY-LIKELY) (((concentration $old-layer) VERY-HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-HIGH) VERY-LIKELY) (((concentration $old-layer) VERY-LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-LOW) VERY-LIKELY) ))

Generic Rules227;; Opposite dopant species, implant does not change dominant dopant type(defGenericRule Implant-Dose-Affects-Concentration-2 :variables (($implant-step |:| time-interval) ($old-layer e (new-layers $implant-step))) :conditions ((is-type das-ion-implantation (process-at $implant-step)) (is-type silicon (@ (material (any-member (@ (layer-regions $old-layer) (start-of $implant-step)))) (start-of $implant-step))) ;; The implant element type is not the same as the existing dominant dopant (:NOT (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)))) ;; The implant doesn’t change the dominant dopant type (V= (@ (dopant-type (dopant (any-member (new-layer $old-layer $implant-step)))) (end-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)))) :rule-patterns (((($dose $implant-step) HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) LOW) VERY-LIKELY) ((($dose $implant-step) LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) HIGH) VERY-LIKELY) ((($dose $implant-step) VERY-HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-LOW) VERY-LIKELY) ((($dose $implant-step) VERY-LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-HIGH) VERY-LIKELY) (((concentration $old-layer) HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) HIGH) VERY-LIKELY) (((concentration $old-layer) LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) LOW) VERY-LIKELY) (((concentration $old-layer) VERY-HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-HIGH) VERY-LIKELY) (((concentration $old-layer) VERY-LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-LOW) VERY-LIKELY)))

228Appendix E:;; Opposite dopant species, implant does change dominant dopant type(defGenericRule Implant-Dose-Affects-Concentration-3 :variables (($implant-step |:| time-interval) ($old-layer e (new-layers $implant-step))) :conditions ((is-type das-ion-implantation (process-at $implant-step)) (is-type silicon (@ (material (any-member (@ (layer-regions $old-layer) (start-of $implant-step)))) (start-of $implant-step))) ;; The old-layer is not undoped (:NOT (V= (@ (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step)))) (start-of $implant-step)) *NO-DOPANT*)) ;; The implant element type is not the same as the existing dominant dopant (:NOT (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)))) ;; The implant changes the dominant dopant type (:NOT (V= (@ (dopant-type (dopant (any-member (new-layer $old-layer $implant-step)))) (end-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (end-of $implant-step))))) (end-of $implant-step))))) :rule-patterns (((($dose $implant-step) HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) HIGH) VERY-LIKELY) ((($dose $implant-step) LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) LOW) VERY-LIKELY) ((($dose $implant-step) VERY-HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-HIGH) VERY-LIKELY) ((($dose $implant-step) VERY-LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-LOW) VERY-LIKELY) (((concentration $old-layer) HIGH) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) LOW) VERY-LIKELY) (((concentration $old-layer) LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) HIGH) VERY-LIKELY) (((concentration $old-layer) VERY-HIGH) --> ((concentration

Generic Rules229 (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-LOW) VERY-LIKELY) (((concentration $old-layer) VERY-LOW) --> ((concentration (@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step))) VERY-HIGH) VERY-LIKELY)))(defGenericRule Initial-Doping-Affects-Final :variables (($layer |:| layer)) :conditions (;; The layer existed at the beginning of the process (exists-at $layer start) ;; The layer was initially doped (:NOT (v= (@ (dopant (any-member (@ (layer-regions $layer) start))) start) *NO-DOPANT*)) ;; The layer survives to the end of the process (exists-at $layer end)) :rule-patterns ((((start-concentration $layer) HIGH) --> ((concentration $layer) HIGH) VERY-LIKELY) (((start-concentration $layer) LOW) --> ((concentration $layer) LOW) VERY-LIKELY) (((start-concentration $layer) VERY-HIGH) --> ((concentration $layer) VERY-HIGH) VERY-LIKELY) (((start-concentration $layer) VERY-LOW) --> ((concentration $layer) VERY-LOW) VERY-LIKELY)));;; Generic Rules for Type 2 causal associations: phenomenon captured by models,;;; but topological/catastrophic changes involved.;; If the substrate dopant type is initially wrong, it is wrong forever.(defGenericRule Initial-Dopant-Type-Affects-Final :variables (($layer |:| layer)) :conditions (;; The layer existed at the beginning of the process (exists-at $layer start) ;; The layer was initially doped (:NOT (v= (@ (dopant (any-member (@ (layer-regions $layer) start))) start) *NO-DOPANT*)) ;; The layer survives to the end of the process (exists-at $layer end)) :rule-patterns ((((start-dopant-type $layer) wrong-type) --> ((dopant-type $layer) wrong-type) VERY-LIKELY)))

230Appendix E:;; An oxide that normally survives to the end of the process will not be present;; if the oxidation step that creates it is not performed.(defGenericRule Oxidation-Step-Omitted :variables (($oxidation-step |:| time-interval) ($oxide-layer |:| layer)) :conditions (;; The step was an oxidation step (:OR (is-type das-oxidation (process-at $oxidation-step)) (is-type das-ox/drive-in (process-at $oxidation-step))) ;; The oxide layer was created during it. (created-during $oxide-layer $oxidation-step) (is-type oxide (@ (material (any-member (@ (layer-regions $oxide-layer) (end-of $oxidation-step)))) (end-of $oxidation-step))) ;; The layer normally survives to the end of the process (exists-at $oxide-layer end)) :rule-patterns ((($oxidation-step not-done) --> ($oxide-layer non-existent) VERY-LIKELY)));; If an implant creates a structure by changing the dominant dopant type,;; then the structure will not exist if the implant is not performed, or if;; the wrong species is implanted.(defGenericRule Implant-Step-Omitted :variables (($implant-step |:| time-interval) ($old-layer e (new-layers $implant-step))) :conditions ((is-type das-ion-implantation (process-at $implant-step)) ;; The old-layer is doped (:NOT (V= (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)) *NO-DOPANT*)) ;; The implant element type is not the same as the existing dominant dopant (:NOT (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)))) ;; The implant changes the dominant dopant type (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (new-layer $old-layer $implant-step)))) (end-of $implant-step)))) :rule-patterns ((($implant-step not-done) --> ((@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step)) non-existent) VERY-LIKELY) (((parameter $dopant $implant-step) wrong-type) --> ((@ (layer (any-member (new-layer $old-layer $implant-step))) (end-of $implant-step)) non-existent) MAYBE)))

Generic Rules231;; If a normally masked implant that creates a structure by changing the dominant;; dopant type is not masked, then the dopant type will be wrong in the regions;; that would normally be masked.(defGenericRule Implant-Not-Masked-1 :variables (($implant-step |:| time-interval) ($old-layer e (new-layers $implant-step))) :conditions ((is-type das-ion-implantation (process-at $implant-step)) ;; The implant element type is not the same as the existing dominant dopant (:NOT (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (@ (layer-regions $old-layer) (start-of $implant-step))))) (start-of $implant-step)))) ;; The implant changes the dominant dopant type (V= (@ (dopant-type (parameter $dopant $implant-step)) (start-of $implant-step)) (@ (dopant-type (dopant (any-member (new-layer $old-layer $implant-step)))) (end-of $implant-step))) ;; The implant is normally masked (exists $lr e (@ (layer-regions $old-layer) (start-of $implant-step)) (is-type photoresist (@ (material (surface (region-type $lr))) (start-of $implant-step))))) :rule-patterns ((($implant-step not-masked) --> ((dopant-type $old-layer) wrong-type) Maybe)))

232Appendix E:;;; Generic Rules for Type 3 causal associations: phenomenon not captured by models,;;; and may or may not involve topological/catastrophic changes.;; Intra-level rule for rules concerning effect of lateral changes;; in dimensions of self-aligned structures.(defGenericRule Structure-Masked-Implant :variables (($implant-step |:| time-interval) ($masking-layer e (new-layers $implant-step)) ($masked-layer e (new-layers $implant-step)) ($masking-structure e (@ (layer-regions $masking-layer) (start-of $implant-step))) ($masked-structure e (@ (layer-regions $masked-layer) (start-of $implant-step))) ($implanted-region e (@ (regions (region-type $masking-structure)) (start-of $implant-step)))) :conditions ((is-type das-ion-implantation (process-at $implant-step)) (:NOT (V= $masking-layer $masked-layer)) (V= (@ (region-type $masking-structure) (start-of $implant-step)) (@ (region-type $masked-structure) (start-of $implant-step))) (:NOT (V= (@ (left $implanted-region) (start-of $implant-step)) REGION-EDGE)) (:NOT (V= (@ (right $implanted-region) (start-of $implant-step)) REGION-EDGE)) (:NOT (is-type photoresist (@ (material (surface (region-type $implanted-region))) (start-of $implant-step)))) (:NOT (is-type photoresist (@ (material (surface (region-type (left $implanted-region)))) (start-of $implant-step)))) (:NOT (is-type photoresist (@ (material (surface (region-type (right $implanted-region)))) (start-of $implant-step)))) (< (ion-bottom (@ (region-type $implanted-region) (start-of $implant-step)) $implant-step) (@ (top-pos $masking-structure) (start-of $implant-step))) (> (ion-bottom (@ (region-type $implanted-region) (start-of $implant-step)) $implant-step) (@ (top-pos $masked-structure) (start-of $implant-step))) (exists $lr e (new-layer $masked-layer $implant-step) (V= (@ (region-type $lr) (end-of $implant-step)) (@ (region-type (left $implanted-region)) (end-of $implant-step)))) (exists $lr e (new-layer $masked-layer $implant-step) (V= (@ (region-type $lr) (end-of $implant-step)) (@ (region-type (right $implanted-region)) (end-of $implant-step))))) :rule-patterns ((((width $masking-layer in $implanted-region) HIGH) --> ((width $masked-layer in $implanted-region) HIGH) VERY-LIKELY) (((width $masking-layer in $implanted-region) LOW) --> ((width $masked-layer in $implanted-region) LOW) VERY-LIKELY)))

Generic Rules233(defGenericRule Insufficient/Excess-Lateral-Etch :variables (($etch-step |:| time-interval) ($layer e (changed-layers $etch-step)) ($layer-region e (@ (layer-regions $layer) (start-of $etch-step))) ($wr e (@ (regions (region-type $layer-region)) (start-of$etch-step)))) :conditions ( ;; Condition 1: The step is an etch step involving lateral etching (is-type das-etch (process-at $etch-step)) (< (parameter $etch-angle $etch-step) etch-angle-threshold) (:NOT (V= (@ (left $wr) (start-of $etch-step)) REGION-EDGE)) (:NOT (V= (@ (right $wr) (start-of $etch-step)) REGION-EDGE)) ;; Condition 2: The layer-region survives the etch step (:NOT (destroyed $layer-region (end-of $etch-step))) ;; Condition 3: Those around it don’t, and the step involves overetching (exists $lr e (@ (layer-regions $layer) (start-of $etch-step)) (:AND (V= (@ (region-type $lr) (start-of $etch-step)) (@ (region-type (left $wr)) (start-of $etch-step))) (> (parameter $duration $etch-step) (etch-destroy-time $lr $etch-step)))) (exists $lr e (@ (layer-regions $layer) (start-of $etch-step)) (:AND (V= (@ (region-type $lr) (start-of $etch-step)) (@ (region-type (right $wr)) (start-of $etch-step))) (> (parameter $duration $etch-step) (etch-destroy-time $lr $etch-step)))) ) :rule-patterns ( (($etch-step under-etch) --> ((width $layer in $wr) HIGH) MAYBE) (($etch-step under-etch) --> ((width $layer in $wr) VERY-HIGH) VERY-LIKELY) (($etch-step over-etch) --> ((width $layer in $wr) LOW) MAYBE) (($etch-step over-etch) --> ((width $layer in $wr) VERY-LOW) VERY-LIKELY) ));; Insufficient/excess exposure of resist can change the lateral dimensions of;; the structures patterned by the resist.(defGenericRule Insufficient/Excess-Photoresist-Exposure :variables (($expose-step |:| time-interval) ($region-type |:| region-type) ($wr e (@ (regions $region-type) (end-of $expose-step)))) :conditions ( (is-type das-mask-expose (process-at $expose-step)) (is-type photoresist (@ (material (surface $region-type)) (end-of $expose-step)))

234Appendix E: (:NOT (is-soft-photoresist? (@ (material (surface $region-type)) (end-of $expose-step)))) (:NOT (V= (@ (left $wr) (start-of $expose-step)) REGION-EDGE)) (:NOT (V= (@ (right $wr) (start-of $expose-step)) REGION-EDGE)) (is-soft-photoresist? (@ (material (surface (region-type (left $wr)))) (end-of $expose-step))) (is-soft-photoresist? (@ (material (surface (region-type (right $wr)))) (end-of $expose-step))) ) :rule-patterns ( (($expose-step under-expose) --> ((width photoresist in $wr) HIGH) MAYBE) (($expose-step under-expose) --> ((width photoresist in $wr) VERY-HIGH) VERY-LIKELY) (($expose-step over-expose) --> ((width photoresist in $wr) LOW) MAYBE) (($expose-step over-expose) --> ((width photoresist in $wr) VERY-LOW) VERY-LIKELY) ));; Intra-level rule for transfer of incorrect lateral dimension in resist to;; layer patterned by resist.(defGenericRule Resist-Masked-Etch :variables (($etch-step |:| time-interval) ($etched-layer e (changed-layers $etch-step)) ($etched-lr e (@ (layer-regions $etched-layer) (start-of $etch-step))) ($wr e (@ (regions (region-type $etched-lr)) (start-of $etch-step)))) :conditions ( (is-type das-etch (process-at $etch-step)) (exists-at $etched-lr (start-of $etch-step)) (:NOT (is-type photoresist (@ (material $etched-lr) (start-of $etch-step)))) (is-type photoresist (@ (material (surface (region-type $etched-lr))) (start-of $etch-step))) (:NOT (V= (@ (left $wr) (start-of $etch-step)) REGION-EDGE)) (:NOT (V= (@ (right $wr) (start-of $etch-step)) REGION-EDGE)) (exists $lr e (@ (layer-regions $etched-layer) (start-of $etch-step)) (:AND (V= (@ (region-type $lr) (start-of $etch-step)) (@ (region-type (left $wr)) (start-of $etch-step))) (destroyed $lr (end-of $etch-step)))) (exists $lr e (@ (layer-regions $etched-layer) (start-of $etch-step)) (:AND (V= (@ (region-type $lr) (start-of $etch-step))

Generic Rules235 (@ (region-type (right $wr)) (start-of $etch-step))) (destroyed $lr (end-of $etch-step)))) ) :rule-patterns ( (((width photoresist in $wr) HIGH) --> ((width $etched-layer in $wr) HIGH) MUST) (((width photoresist in $wr) LOW) --> ((width $etched-layer in $wr) LOW) MUST) (((width photoresist in $wr) VERY-HIGH) --> ((width $etched-layer in $wr) VERY-HIGH) MUST) (((width photoresist in $wr) VERY-LOW) --> ((width $etched-layer in $wr) VERY-LOW) MUST) ));; When a silicon layer containing Boron or Arsenic is partially oxidized, some of the boron;; is lost into the oxide, while the arsenic �piles up� in the silicon at the interface.;; If the dominant dopant type is N, then the concentration increases. else it decreases.(defGenericRule Thermal-Oxidation-Redistributes-Impurities-N :variables (($oxidation-step |:| time-interval) ($doped-layer |:| layer) ($doped-lr e (@ (layer-regions $doped-layer) (end-of $oxidation-step)))) :conditions ((:OR (is-type das-oxidation (process-at $oxidation-step)) (is-type das-ox/drive-in (process-at $oxidation-step))) (exists-at $doped-lr (end-of $oxidation-step)) (V= |Silicon| (@ (material $doped-lr) (start-of $oxidation-step))) (uppermost-oxidation-survivor $doped-lr $oxidation-step) (is-type N-dopant (@ (dopant $doped-lr) (start-of $oxidation-step))) (> (parameter $duration $oxidation-step) (oxidation-destroy-time (@ (above $doped-lr) (start-of $oxidation-step)) (parameter $temperature $oxidation-step) (start-of $oxidation-step)))) :rule-patterns ( (((parameter $duration $oxidation-step) LONG) --> ((concentration $doped-layer) HIGH) VERY-LIKELY) (((parameter $duration $oxidation-step) VERY-LONG) --> ((concentration $doped-layer) HIGH) LIKELY) (((parameter $duration $oxidation-step) SHORT) --> ((concentration $doped-layer) LOW) VERY-LIKELY) (((parameter $duration $oxidation-step) VERY-SHORT) --> ((concentration $doped-layer) LOW) VERY-LIKELY) ))

236Appendix E:(defGenericRule Thermal-Oxidation-Redistributes-Impurities-P :variables (($oxidation-step |:| time-interval) ($doped-layer |:| layer) ($doped-lr e (@ (layer-regions $doped-layer) (end-of $oxidation-step)))) :conditions ((:OR (is-type das-oxidation (process-at $oxidation-step)) (is-type das-ox/drive-in (process-at $oxidation-step))) (exists-at $doped-lr (end-of $oxidation-step)) (V= |Silicon| (@ (material $doped-lr) (start-of $oxidation-step))) (uppermost-oxidation-survivor $doped-lr $oxidation-step) (is-type P-dopant (@ (dopant $doped-lr) (start-of $oxidation-step))) (> (parameter $duration $oxidation-step) (oxidation-destroy-time (@ (above $doped-lr) (start-of $oxidation-step)) (parameter $temperature $oxidation-step) (start-of $oxidation-step)))) :rule-patterns ( (((parameter $duration $oxidation-step) LONG) --> ((concentration $doped-layer) LOW) VERY-LIKELY) (((parameter $duration $oxidation-step) VERY-LONG) --> ((concentration $doped-layer) LOW) LIKELY) (((parameter $duration $oxidation-step) SHORT) --> ((concentration $doped-layer) HIGH) VERY-LIKELY) (((parameter $duration $oxidation-step) VERY-SHORT) --> ((concentration $doped-layer) HIGH) VERY-LIKELY) ))

Appendix F: Associations from Generic RulesThis appendix lists the instantiations of the Generic Rules listed in Appendix E that wereobtained by applying the rules to a very simplified representation of the CMOS process.LegendProcesses:Oxidation Processes:Oxidation[1] Gate OxidationImplantation Processes:Implant[5] N+ Source/Drain ImplantImplant[4] P+ Source/Drain ImplantImplant[3] N-Channel ImplantImplant[2] P-Channel ImplantImplant[1] N-Well ImplantEtch Processes:Etch[1] Poly Gate EtchPhotolithography Processes:"Select Mask"[5] N+Source/Drain mask"Select Mask"[4] P+Source/Drain mask"Select Mask"[3] Gate mask"Select Mask"[2] N-Channel mask"Select Mask"[1] N-Well maskWafer Regions appearing in rules:Wafer-Region-4 = PMOS gate regionWafer-Region-7 = NMOS gate region

238Appendix F:Numbered Layers:

No. Name Material Dopant 1 = Layer-1 Resist-1813 2 = N-Well-Layer Silicon Arsenic 3 = Layer-3 Silicon Boron 4 = P-Channel-Layer Silicon Arsenic 5 = Layer-5 Resist-1813 6 = N-Channel-Layer Silicon Boron 7 = Gate-Oxide-Layer Oxide 8 = Gate-Oxide-Layer Oxide 9 = Polysilicon-Layer Polysilicon10 = Layer-10 Resist-181311 = Layer-11 Resist-181312 = P+Doped-Poly-Layer Polysilicon Boron13 = P+Source/Drain-Layer Silicon Boron14 = Layer-14 Resist-181315 = N+Doped-Poly-Layer Polysilicon Arsenic16 = N+Source/Drain-Layer Silicon ArsenicForms appearing in rules:(@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|)) = LAYER-3(@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|)) = N-CHANNEL-LAYER(@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|)) = P-CHANNEL-LAYER(@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|)) = N-WELL-LAYER(@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|)) = P+SOURCE/DRAIN-LAYER(@ (LAYER (ANY-MEMBER (NEW-LAYER POLYSILICON-LAYER |Implant[4]|))) (END-OF |Implant[4]|)) = P+DOPED-POLY-LAYER(@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|)) = N+SOURCE/DRAIN-LAYER(@ (LAYER (ANY-MEMBER (NEW-LAYER POLYSILICON-LAYER |Implant[5]|))) (END-OF |Implant[5]|)) = N+DOPED-POLY-LAYER

Associations from Generic Rules239Category 1 Causal AssociationsRunning rule OX-TEMP-DETERMINES-OX-THICKNESS -- Executed in 0.4 secondsRunning rule OX-TEMP-DETERMINES-OX-THICKNESS produces 16 rules:((((PARAMETER $DURATION |Oxidation[1]|) VERY-SHORT) --> ((THICKNESS LAYER-7) VERY-THIN) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) VERY-LONG) --> ((THICKNESS LAYER-7) VERY-THICK) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) SHORT) --> ((THICKNESS LAYER-7) THIN) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) LONG) --> ((THICKNESS LAYER-7) THICK) VERY-LIKELY) (((PARAMETER $TEMPERATURE |Oxidation[1]|) VERY-LOW) --> ((THICKNESS LAYER-7) VERY-THIN) MAYBE) (((PARAMETER $TEMPERATURE |Oxidation[1]|) VERY-HIGH) --> ((THICKNESS LAYER-7) VERY-THICK) MAYBE) (((PARAMETER $TEMPERATURE |Oxidation[1]|) LOW) --> ((THICKNESS LAYER-7) THIN) MAYBE) (((PARAMETER $TEMPERATURE |Oxidation[1]|) HIGH) --> ((THICKNESS LAYER-7) THICK) MAYBE) (((PARAMETER $DURATION |Oxidation[1]|) VERY-SHORT) --> ((THICKNESS LAYER-8) VERY-THIN) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) VERY-LONG) --> ((THICKNESS LAYER-8) VERY-THICK) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) SHORT) --> ((THICKNESS LAYER-8) THIN) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) LONG) --> ((THICKNESS LAYER-8) THICK) VERY-LIKELY) (((PARAMETER $TEMPERATURE |Oxidation[1]|) VERY-LOW) --> ((THICKNESS LAYER-8) VERY-THIN) MAYBE) (((PARAMETER $TEMPERATURE |Oxidation[1]|) VERY-HIGH) --> ((THICKNESS LAYER-8) VERY-THICK) MAYBE) (((PARAMETER $TEMPERATURE |Oxidation[1]|) LOW) --> ((THICKNESS LAYER-8) THIN) MAYBE) (((PARAMETER $TEMPERATURE |Oxidation[1]|) HIGH) --> ((THICKNESS LAYER-8) THICK) MAYBE))

240Appendix F:Running rule IMPLANT-DOSE-AFFECTS-CONCENTRATION-1 -- Executed in 0.4secondsRunning rule IMPLANT-DOSE-AFFECTS-CONCENTRATION-1 produces 16 rules:((((CONCENTRATION SUBSTRATE) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) VERY-LOW) VERY-LIKELY) (((CONCENTRATION SUBSTRATE) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) VERY-HIGH) VERY-LIKELY) (((CONCENTRATION SUBSTRATE) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) LOW) VERY-LIKELY) (((CONCENTRATION SUBSTRATE) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) HIGH) VERY-LIKELY) ((($DOSE |Implant[2]|) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) VERY-LOW) MUST) ((($DOSE |Implant[2]|) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) VERY-HIGH) MUST) ((($DOSE |Implant[2]|) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) LOW) MUST) ((($DOSE |Implant[2]|) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[2]|))) (END-OF |Implant[2]|))) HIGH) MUST) (((CONCENTRATION LAYER-3) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) VERY-LOW) VERY-LIKELY)

Associations from Generic Rules241 (((CONCENTRATION LAYER-3) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) VERY-HIGH) VERY-LIKELY) (((CONCENTRATION LAYER-3) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) LOW) VERY-LIKELY) (((CONCENTRATION LAYER-3) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) HIGH) VERY-LIKELY) ((($DOSE |Implant[3]|) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) VERY-LOW) MUST) ((($DOSE |Implant[3]|) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) VERY-HIGH) MUST) ((($DOSE |Implant[3]|) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) LOW) MUST) ((($DOSE |Implant[3]|) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER LAYER-3 |Implant[3]|))) (END-OF |Implant[3]|))) HIGH) MUST))

242Appendix F:Running rule IMPLANT-DOSE-AFFECTS-CONCENTRATION-2 -- Executed in 0.2secondsRunning rule IMPLANT-DOSE-AFFECTS-CONCENTRATION-2 produces 8 rules:(((($DOSE |Implant[2]|) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) VERY-HIGH) VERY-LIKELY) ((($DOSE |Implant[2]|) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) VERY-LOW) VERY-LIKELY) ((($DOSE |Implant[2]|) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) HIGH) VERY-LIKELY) ((($DOSE |Implant[2]|) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) LOW) VERY-LIKELY) (((CONCENTRATION N-WELL-LAYER) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) VERY-LOW) VERY-LIKELY) (((CONCENTRATION N-WELL-LAYER) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) VERY-HIGH) VERY-LIKELY) (((CONCENTRATION N-WELL-LAYER) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) LOW) VERY-LIKELY) (((CONCENTRATION N-WELL-LAYER) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-WELL-LAYER |Implant[2]|))) (END-OF |Implant[2]|))) HIGH) VERY-LIKELY))

Associations from Generic Rules243Running rule IMPLANT-DOSE-AFFECTS-CONCENTRATION-3 -- Executed in 0.3secondsRunning rule IMPLANT-DOSE-AFFECTS-CONCENTRATION-3 produces 24 rules:((((CONCENTRATION SUBSTRATE) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) VERY-HIGH) VERY-LIKELY) (((CONCENTRATION SUBSTRATE) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) VERY-LOW) VERY-LIKELY) (((CONCENTRATION SUBSTRATE) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) HIGH) VERY-LIKELY) (((CONCENTRATION SUBSTRATE) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) LOW) VERY-LIKELY) ((($DOSE |Implant[1]|) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) VERY-LOW) VERY-LIKELY) ((($DOSE |Implant[1]|) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) VERY-HIGH) VERY-LIKELY) ((($DOSE |Implant[1]|) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) LOW) VERY-LIKELY) ((($DOSE |Implant[1]|) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|))) HIGH) VERY-LIKELY) (((CONCENTRATION P-CHANNEL-LAYER) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) VERY-HIGH) VERY-LIKELY)

244Appendix F: (((CONCENTRATION P-CHANNEL-LAYER) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) VERY-LOW) VERY-LIKELY) (((CONCENTRATION P-CHANNEL-LAYER) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) HIGH) VERY-LIKELY) (((CONCENTRATION P-CHANNEL-LAYER) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) LOW) VERY-LIKELY) ((($DOSE |Implant[4]|) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) VERY-LOW) VERY-LIKELY) ((($DOSE |Implant[4]|) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) VERY-HIGH) VERY-LIKELY) ((($DOSE |Implant[4]|) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) LOW) VERY-LIKELY) ((($DOSE |Implant[4]|) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|))) HIGH) VERY-LIKELY) (((CONCENTRATION N-CHANNEL-LAYER) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) VERY-HIGH) VERY-LIKELY) (((CONCENTRATION N-CHANNEL-LAYER) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) VERY-LOW) VERY-LIKELY) (((CONCENTRATION N-CHANNEL-LAYER) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|)))

Associations from Generic Rules245 HIGH) VERY-LIKELY) (((CONCENTRATION N-CHANNEL-LAYER) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) LOW) VERY-LIKELY) ((($DOSE |Implant[5]|) VERY-LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) VERY-LOW) VERY-LIKELY) ((($DOSE |Implant[5]|) VERY-HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) VERY-HIGH) VERY-LIKELY) ((($DOSE |Implant[5]|) LOW) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) LOW) VERY-LIKELY) ((($DOSE |Implant[5]|) HIGH) --> ((CONCENTRATION (@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|))) HIGH) VERY-LIKELY))Running rule INITIAL-DOPING-AFFECTS-FINAL -- Executed in 0.2 secondsRunning rule INITIAL-DOPING-AFFECTS-FINAL produces 4 rules:((((START-CONCENTRATION SUBSTRATE) VERY-LOW) --> ((CONCENTRATION SUBSTRATE) VERY-LOW) VERY-LIKELY) (((START-CONCENTRATION SUBSTRATE) VERY-HIGH) --> ((CONCENTRATION SUBSTRATE) VERY-HIGH) VERY-LIKELY) (((START-CONCENTRATION SUBSTRATE) LOW) --> ((CONCENTRATION SUBSTRATE) LOW) VERY-LIKELY) (((START-CONCENTRATION SUBSTRATE) HIGH) --> ((CONCENTRATION SUBSTRATE) HIGH) VERY-LIKELY))

246Appendix F:Category 2 Causal AssociationsRunning rule INITIAL-DOPANT-TYPE-AFFECTS-FINAL -- Executed in 0.1secondsRunning rule INITIAL-DOPANT-TYPE-AFFECTS-FINAL produces 1 rule:((((START-DOPANT-TYPE SUBSTRATE) WRONG-TYPE) --> ((DOPANT-TYPE SUBSTRATE) WRONG-TYPE) VERY-LIKELY))Running rule OXIDATION-STEP-OMITTED -- Executed in 0.5 secondsRunning rule OXIDATION-STEP-OMITTED produces 2 rules:((|Oxidation[1]| NOT-DONE) --> (LAYER-7 NON-EXISTENT) VERY-LIKELY)((|Oxidation[1]| NOT-DONE) --> (LAYER-8 NON-EXISTENT) VERY-LIKELY)Running rule IMPLANT-STEP-OMITTED -- Executed in 0.2 secondsRunning rule IMPLANT-STEP-OMITTED produces 10 rules:((((PARAMETER $DOPANT |Implant[1]|) WRONG-TYPE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|)) NON-EXISTENT) MAYBE) ((|Implant[1]| NOT-DONE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER SUBSTRATE |Implant[1]|))) (END-OF |Implant[1]|)) NON-EXISTENT) VERY-LIKELY) (((PARAMETER $DOPANT |Implant[4]|) WRONG-TYPE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|)) NON-EXISTENT) MAYBE) ((|Implant[4]| NOT-DONE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER P-CHANNEL-LAYER |Implant[4]|))) (END-OF |Implant[4]|)) NON-EXISTENT) VERY-LIKELY) (((PARAMETER $DOPANT |Implant[4]|) WRONG-TYPE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER POLYSILICON-LAYER |Implant[4]|))) (END-OF |Implant[4]|)) NON-EXISTENT) MAYBE) ((|Implant[4]| NOT-DONE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER POLYSILICON-LAYER |Implant[4]|))) (END-OF |Implant[4]|)) NON-EXISTENT) VERY-LIKELY) (((PARAMETER $DOPANT |Implant[5]|) WRONG-TYPE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|))) (END-OF |Implant[5]|)) NON-EXISTENT) MAYBE) ((|Implant[5]| NOT-DONE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER N-CHANNEL-LAYER |Implant[5]|)))

Associations from Generic Rules247 (END-OF |Implant[5]|)) NON-EXISTENT) VERY-LIKELY) (((PARAMETER $DOPANT |Implant[5]|) WRONG-TYPE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER POLYSILICON-LAYER |Implant[5]|))) (END-OF |Implant[5]|)) NON-EXISTENT) MAYBE) ((|Implant[5]| NOT-DONE) --> ((@ (LAYER (ANY-MEMBER (NEW-LAYER POLYSILICON-LAYER |Implant[5]|))) (END-OF |Implant[5]|)) NON-EXISTENT) VERY-LIKELY))Running rule IMPLANT-NOT-MASKED-1 -- Executed in 0.4 secondsRunning rule IMPLANT-NOT-MASKED-1 produces 5 rules:(((|Implant[1]| NOT-MASKED) --> ((DOPANT-TYPE SUBSTRATE) WRONG-TYPE) MAYBE) ((|Implant[4]| NOT-MASKED) --> ((DOPANT-TYPE P-CHANNEL-LAYER) WRONG-TYPE) MAYBE) ((|Implant[4]| NOT-MASKED) --> ((DOPANT-TYPE POLYSILICON-LAYER) WRONG-TYPE) MAYBE) ((|Implant[5]| NOT-MASKED) --> ((DOPANT-TYPE N-CHANNEL-LAYER) WRONG-TYPE) MAYBE) ((|Implant[5]| NOT-MASKED) --> ((DOPANT-TYPE POLYSILICON-LAYER) WRONG-TYPE) MAYBE))Category 3 Causal AssociationsRunning rule STRUCTURE-MASKED-IMPLANT -- Executed in 1.0 secondsRunning rule STRUCTURE-MASKED-IMPLANT produces 4 rules:((((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) LOW) --> ((WIDTH P-CHANNEL-LAYER IN WAFER-REGION-7) LOW) VERY-LIKELY) (((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) HIGH) --> ((WIDTH P-CHANNEL-LAYER IN WAFER-REGION-7) HIGH) VERY-LIKELY) (((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) LOW) --> ((WIDTH N-CHANNEL-LAYER IN WAFER-REGION-4) LOW) VERY-LIKELY) (((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) HIGH) --> ((WIDTH N-CHANNEL-LAYER IN WAFER-REGION-4) HIGH) VERY-LIKELY))

248Appendix F:Running rule INSUFFICIENT/EXCESS-LATERAL-ETCH -- Executed in 0.3 secondsRunning rule INSUFFICIENT/EXCESS-LATERAL-ETCH produces 8 rules:(((|Etch[1]| OVER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) VERY-LOW) VERY-LIKELY) ((|Etch[1]| OVER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) LOW) MAYBE) ((|Etch[1]| UNDER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) VERY-HIGH) VERY-LIKELY) ((|Etch[1]| UNDER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) HIGH) MAYBE) ((|Etch[1]| OVER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) VERY-LOW) VERY-LIKELY) ((|Etch[1]| OVER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) LOW) MAYBE) ((|Etch[1]| UNDER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) VERY-HIGH) VERY-LIKELY) ((|Etch[1]| UNDER-ETCH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) HIGH) MAYBE))Running rule INSUFFICIENT/EXCESS-PHOTORESIST-EXPOSURE -- Executed in 1.2secondsRunning rule INSUFFICIENT/EXCESS-PHOTORESIST-EXPOSURE produces 8 rules:(((|"Select Mask"[3]| OVER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-4) VERY-LOW) VERY-LIKELY) ((|"Select Mask"[3]| OVER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-4) LOW) MAYBE) ((|"Select Mask"[3]| UNDER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-4) VERY-HIGH) VERY-LIKELY) ((|"Select Mask"[3]| UNDER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-4) HIGH) MAYBE) ((|"Select Mask"[3]| OVER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-7) VERY-LOW) VERY-LIKELY) ((|"Select Mask"[3]| OVER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-7) LOW) MAYBE) ((|"Select Mask"[3]| UNDER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-7) VERY-HIGH) VERY-LIKELY) ((|"Select Mask"[3]| UNDER-EXPOSE) --> ((WIDTH PHOTORESIST IN WAFER-REGION-7) HIGH) MAYBE))

Associations from Generic Rules249Running rule RESIST-MASKED-ETCH -- Executed in 0.3 secondsRunning rule RESIST-MASKED-ETCH produces 8 rules:((((WIDTH PHOTORESIST IN WAFER-REGION-7) VERY-LOW) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) VERY-LOW) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-7) VERY-HIGH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) VERY-HIGH) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-7) LOW) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) LOW) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-7) HIGH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-7) HIGH) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-4) VERY-LOW) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) VERY-LOW) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-4) VERY-HIGH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) VERY-HIGH) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-4) LOW) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) LOW) MUST) (((WIDTH PHOTORESIST IN WAFER-REGION-4) HIGH) --> ((WIDTH POLYSILICON-LAYER IN WAFER-REGION-4) HIGH) MUST))Running rule THERMAL-OXIDATION-REDISTRIBUTES-IMPURITIES-N -- Executed in0.5 secondsRunning rule THERMAL-OXIDATION-REDISTRIBUTES-IMPURITIES-N produces 4rules:((((PARAMETER $DURATION |Oxidation[1]|) VERY-SHORT) --> ((CONCENTRATION LAYER-4) LOW) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) SHORT) --> ((CONCENTRATION LAYER-4) LOW) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) VERY-LONG) --> ((CONCENTRATION LAYER-4) HIGH) LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) LONG) --> ((CONCENTRATION LAYER-4) HIGH) VERY-LIKELY))Running rule THERMAL-OXIDATION-REDISTRIBUTES-IMPURITIES-P -- Executed in0.2 secondsRunning rule THERMAL-OXIDATION-REDISTRIBUTES-IMPURITIES-P produces 4rules:((((PARAMETER $DURATION |Oxidation[1]|) VERY-SHORT) --> ((CONCENTRATION LAYER-6) HIGH) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) SHORT) --> ((CONCENTRATION LAYER-6) HIGH) VERY-LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) VERY-LONG) --> ((CONCENTRATION LAYER-6) LOW) LIKELY) (((PARAMETER $DURATION |Oxidation[1]|) LONG) --> ((CONCENTRATION LAYER-6) LOW) VERY-LIKELY))Running 15 generic rules produces 122 instantiations.