TESTING BiCMOS AND DYNAMICCMOS LOGICSiyad Chih-Hua MaCRC Technical Report No. 95-1(CSL TR 95-669)June 1995CENTER FOR RELIABLE COMPUTINGComputer Systems LaboratoryDepartments of Electrical Engineering and Computer ScienceStanford UniversityStanford, CA 94305-4055Copyright � 1995 Siyad C. MaAll Rights Reserved

TESTING BiCMOS AND DYNAMICCMOS LOGICA DISSERTATIONSUBMITTED TO THE DEPARTMENT OF ELECTRICAL ENGINEERINGAND THE COMMITTEE ON GRADUATE STUDIESOF STANFORD UNIVERSITYIN PARTIAL FULFILLMENT OF THE REQUIREMENTSFOR THE DEGREE OFDOCTOR OF PHILOSOPHYBySiyad Chih-Hua MaJune 1995 iABSTRACTIn a normal integrated circuit (IC) production cycle, manufactured ICs are tested toremove defective parts. The purpose of this research is to study the effects of real defectsin BiCMOS and Dynamic CMOS circuits, and propose better test solutions to detect thesedefects. BiCMOS and Dynamic CMOS circuits are used in many new high performanceVLSI ICs.Fault models for BiCMOS and Dynamic CMOS circuits are discussed first.Shorted and open transistor terminals, the most common failure modes in MOS and bipolartransistors, are simulated for BiCMOS and Dynamic CMOS logic gates. Simulations showthat a faulty behavior similar to data retention faults in memory cells can occur in BiCMOSand Dynamic CMOS logic gates. We explain here why it is important to test for thesefaults, and present test techniques that can detect these faults.Simulation results also show that shorts and opens in Dynamic CMOS andBiCMOS circuits are harder to test than their counterparts in Static CMOS circuits.Simulation results also show that the testability of opens in BiCMOS gates can be predictedwithout time-consuming transistor-level simulations. We present a prediction methodbased on an extended switch-level model for BiCMOS gates.To improve the testability of dynamic CMOS circuits, design-for-testability circuitryare proposed. Scan cell designs add scan capabilities to dynamic latches and flip-flops withnegligible performance overhead, while design-for-current-testability circuitry allowsquiescent supply current (IDDQ) measurements for dynamic CMOS circuits.

iiACKNOWLEDGEMENTSI express my gratefulness to my adviser, Prof. Edward J. McCluskey, for hisconstant support, guidance, and encouragement thoughout my five years at CRC. Hisinvaluable teachings and precious advice will guide me through my professional career.I would also like to thank all current and former CRC members, especially to Dr.Piero Franco, Dr. Hong Hao, Dr. LaNae Avra, Samy Makar and Dr. Alice Tokarnia fortheir useful comments and suggestions, and for making CRC enjoyable in my early RATSyears. Thanks also to Dr. Nirmal Saxena for his professional assistance, to Nur Touba forsharing quals joy and deadline worries, to Jonathan Chang for stirring many fruitfuldiscussions, to Rob Norwood, Shridhar Mukund, Wern-Yan Koe, Rong Pan, and to theTOPS gang: Dave Brokaw, Khader �KD� Abdel-Hafez, Sunil Kosalge, Erin Kan, VincentLo, and Philip Shrivani. Special thanks to Siegrid Munda for her professionaladministrative support especially during BAST panic time.I would like to thank Prof. Bruce Wooley, my associate adviser, for being on myorals committee, and for his patience in reading my dissertation. I would also like to thankProf. Joseph Goodman for chairing my orals committee and reading my dissertation, andProf. Oyekunle Olukotun for being on my orals committee.Thanks to people at the Center for Materials Research (CMR) and the GeologyDepartment of Stanford Univeristy, especially to Julie Paque and Brian Cross from FisonsInstruments, who provided me with financial support for my first two years.Thanks to a lot of people for making my life enjoyable at Stanford: many membersof the Stanford Chinese Culture Association and the Saturday basketball group.Thanks to both my family and Mary�s family for their faith in me. My sincererespect to my brothers-in-law, whose moral and financial support have been a greatmotivation to complete my studies. I am also grateful to my parents, who supported mydecision to continue my education during tough times. Finally, I express my deepestappreciation to my wife, Mary, who provided me with a peaceful mind to study, sharedevery moment of joy and tears, and always believed in me. To Mary, this dissertation is anaccomplishment for you as much as it is for myself. My source of inspiration for the lastfew years came from my beautiful daughter, Eman, and my handsome son, Anan. Theirstrong learning ability taught me to never stop learning, for knowledge never ends.This work was supported in part by the Innovative Science and Technology Officeof the Strategic Defense Initiative Organization and administered through the Office ofNaval Research under Contract No. N00012-92-J-1782, and by the National ScienceFoundation under Grant No. MIP-9107760.

iiiTABLE OF CONTENTSAbstract............................................................................................... iAcknowledgements.............................................................................. iiTable of Contents............................................................................... iiiList of Illustrations.............................................................................. vList of Tables..................................................................................... viiChapter 1Introduction........................................................................................ 1Chapter 2Production Testing: Defects, Failures, and Fault Models.......................... 32.1 Defects and Failures...................................................................... 42.2 Fault Models............................................................................... 42.2.1 Stuck-At Fault Model............................................................ 52.2.2 Stuck-Open and Stuck-On Fault Models...................................... 52.2.3 Bridging Fault Models........................................................... 72.2.4 Delay Fault Models.............................................................. 82.2.5 Transistor-Level Fault Models.................................................. 82.2.6 Layout-Level Fault Models..................................................... 82.4 Contributions to Fault Modeling: Stationary Fault.................................... 92.5 Test Pattern Generation.................................................................. 102.6 Design-for-Testability................................................................... 10Chapter 3Failures in BiCMOS and Dynamic CMOS Logic..................................... 123.1 BiCMOS and Dynamic CMOS Gate Structures...................................... 123.2 Previous Work........................................................................... 133.2.1 Stuck-Open, Stuck-On, and Bridging Faults................................ 133.2.2 Resistive Shorts and Transistor Opens....................................... 143.2.3 Layout-Level Fault Models.................................................... 153.3 Contributions to Analysis of Resistive Shorts in BiCMOS Gates.................. 153.4 Contributions to Analysis of Transistor Opens in BiCMOS Gates................. 203.4.1 Stuck and Non-stuck Nodes................................................... 213.4.2 Open Fault Testability Prediction for BiCMOS Gates...................... 22 iv3.4.3Extended Switch-Level Model for BiCMOS Gates......................... 223.5 Contributions to Analysis of Resistive Shorts in Domino Gates................... 233.6 Contributions to Analysis of Transistor Opens in Domino Gates.................. 283.7 Short and Open Testability in BiCMOS and Dynamic CMOS Logic.............. 283.8 Stationary Faults in CMOS and BiCMOS circuits................................... 293.9 Testing for Stationary Faults............................................................ 31Chapter 4Design-for-Testability......................................................................... 344.1 Scan Cells for Dynamic Latches and Flip-flops...................................... 344.2 Design-for-Current-Testability (DFCT) for Dynamic CMOS Logic............... 36Chapter 5Concluding Remarks........................................................................... 39References......................................................................................... 41 vLIST OF ILLUSTRATIONSFigureTitle2-1Production Test............................................................................ 32-2Stuck-at Faults............................................................................. 52-3 CMOS NAND Gate....................................................................... 62-4 Bridging Fault............................................................................. 72-5 Comparison between fault models...................................................... 92-6 Scan Chain................................................................................ 113-1 Conventional BiCMOS NAND Gate.................................................. 123-2 CMOS Domino AND Gate.............................................................. 133-3 Simulated BiCMOS NAND gate....................................................... 163-4 Oscillations in BiCMOS Gates......................................................... 173-5 Physical defect causing stationary fault M4 gate-to-drain short.................... 183-6 Stationary Faults in BiCMOS Gate M4 gate-to-drain short......................... 193-7 Leakage Time vs. M4 Gate-to-Drain Short Resistance.............................. 203-8 Stuck and Non-stuck nodes in a BiCMOS NAND gate............................. 213-9 Simulated domino AND circuit......................................................... 233-10 Equivalent circuit for GS short on MP................................................ 243-11 MP gate-to-source short during precharge phase..................................... 253-12 MN gate-to-drain short during evaluation phase..................................... 263-13 MA gate-to-drain short during precharge.............................................. 263-14 Broken feedback loop in a Static CMOS Latch....................................... 303-15 Short causing stationary fault in a dynamic CMOS latch............................ 303-16 Short causing stationary fault in a domino AND gate................................ 313-17 Leakage time for source-to-drain short on MB....................................... 314-1 Transmission gate latch.................................................................. 354-2 Scan cell design for Transmission Gate Latch........................................ 35 viFigureTitle4-3 Static Scan Transmission Gate Latch.................................................. 364-4 Domino AND Gate with bleeder circuit............................................... 374-5 Domino AND Gate with DFCT circuitry.............................................. 38 viiLIST OF TABLESTableTitle2-1 Common Failure Mechanisms........................................................... 43-1 Effect of Resistive Shorts on Domino AND Gate.................................... 233-2 Testability of short and opens in various gate structures............................ 29

1Chapter 1IntroductionThe demand for high performance digital products has led to the use of circuitdesigns that were considered as academic research only a few years ago. Many high speedmicroprocessors that were announced recently contained either BiCMOS [Colwell 95] ordynamic CMOS logic [Bearden 95][Bowhill 95][Chamas 95] to enhance their performance.BiCMOS logic drives high capacitive loads faster than static CMOS, while dynamic CMOSlogic has smaller input capacitance, allowing faster switching speeds.Integrated circuit (IC) testing has traditionally targeted failures that typically occur intransistor-transistor logic (TTL), which dominated most ICs two decades ago. However,failures that occur in static CMOS circuits behave differently from failures in TTL circuits.Although this difference has been known in test research for more than a decade, it is onlyrecently that some test methods that target static CMOS failures were used by industrialvendors to achieve high quality. For BiCMOS and dynamic CMOS circuits, the tests usedwere still targeting failures in either TTL or static CMOS circuits, which may not beadequate to achieve high quality.Most VLSI ICs are implemented with static CMOS logic nowadays. Both staticand dynamic CMOS circuits are manufactured with the same processing steps, whileBiCMOS circuits are manufactured with a process similar to CMOS circuits with a fewadditional steps. Therefore, the defects that occur in static CMOS circuits can also occur inBiCMOS and dynamic CMOS circuits.There are also some structural similarities between static CMOS, dynamic CMOS,and BiCMOS gates. For each case, parallel NMOS transistors are used to construct a NORgate, while series NMOS transistors are used to construct a NAND gate. In dynamic logicsuch as the domino logic, additional MOS transistors provide precharging and outputbuffering, whereas in BiCMOS logic, additional bipolar transistors drive the output of thegate. Due to these structural similarities, failures that occur in static CMOS circuits can alsooccur in BiCMOS and dynamic CMOS circuits. Therefore, to study BiCMOS and dynamicCMOS circuit testing, a thorough understanding of failures in static CMOS circuits andhow to test for them is necessary.This dissertation is a digest summarizing my work in testing BiCMOS and dynamicCMOS circuits. Detailed descriptions of results are found in the appendices, which arereprints of papers published in journals and conferences.

2Basic test terminology is defined in Chapter 2. Also discussed are how circuits fail,what fault models are used to model these failures, and how circuits are tested. A new faultmodel called a stationary fault is described in Chapter 2.Resistive shorts and transistor opens in BiCMOS and dynamic CMOS circuits arediscussed in Chapter 3. We show that some shorts and opens can produce stationary faultsin BiCMOS and dynamic CMOS circuits. We also show that these faults may escapestuck-at and delay tests. To test for stationary faults, it is necessary to either apply the testvectors slowly and sample the output voltage, or measure the quiescent supply current(IDDQ). Both slow speed and IDDQ testing are generally not feasible for dynamic CMOSlogic. To address these issues, we propose several design-for-testability circuitry fordynamic CMOS logic in Chapter 4.Concluding remarks are given in Chapter 5.Appendix A is a reprint of a paper published at International Test Conference 1992.This paper gives a detailed analysis of resistive shorts in BiCMOS gates. Stationary faultsare first introduced in this paper. Detailed analysis of opens in BiCMOS gates is given inAppendix B, which a reprint of a paper published at VLSI Test Symposium 1994. Weshowed that some opens in BiCMOS gates cannot be detected by stuck-at or stuck-opentests; delay tests with accurate timing are required. Based on the results of Appendix B, aprocedure to predict the testability of an open in a BiCMOS gate was presented in the May1995 issue of IEEE Transaction on Computer-Aided Design. This procedure is based on aswitch-level model that was extended to include bipolar transistors. A reprint of thisjournal paper is included as Appendix C.Design-for-testability for dynamic CMOS circuits is addressed in the next twoAppendices. Scan cell designs for dynamic latches and flip-flops are proposed inAppendix D, which is a paper submitted to the Journal of Solid-State Circuits. Some ofthese scan cells have negligible performance overhead compared to non-scannable dynamiclatches. Appendix E is a Center for Reliable Computing Technical Report that explains theproblems of applying IDDQ tests to dynamic CMOS circuits. To solve these problems,design-for-current-testability circuitry are presented.(Note:The Appendices are not included in this Technical Report.)

3Chapter 2Production Testing: Defects, Failures, and Fault ModelsThe purpose of production testing is to remove any manufactured ICs that do notmeet their specifications. This is done by applying a set of input patterns to the circuit-under-test (CUT) and observing its output response. A set of expected output patterns iscompared with the actual output patterns, and any discrepancy is recorded as an IC failure.An IC that passes production tests is assumed to be non-defective and shipped to thecustomer whereas a failing IC is assumed to be defective and therefore discarded (see Fig.2-1). Since it is impossible to test for every defect in a complex VLSI circuit, somedefective ICs may pass production testing. These undetected defective ICs are called testescapes. On the other hand, some ICs that are not defective may fail production test.These are commonly known as type I errors. The main causes of type I errors are errors intest software and hardware, test conditions, or human error [Williams 92].

Manufactured ICsProduction TestShipped ICsRejected ICsGoodBadx

xx

Test escapeType 1 errorFigure 2-1 Production TestThe goal of test research is to reduce both test escapes and type I errors. Qualitylevel is a measure for how good a test is. Quality level, measured in defects-per-million(DPM), is defined as the proportion of shipped parts that are bad. Therefore, to improvethe quality of a test actually means to lower its quality level (or DPM), which meansreducing the number of test escapes.This chapter discusses the cause of failures in ICs, how these failures are modeled,and how test inputs are generated.

42.1 Defects and FailuresFailures occur in CMOS and BiCMOS ICs for many reasons; some are due tomanufacturing defects, while others are due to wearout mechanisms whose effects areaccumulated over time. External disturbances such as heat, radiation, electrical andmechanical stress also produce failures. A defect is an imperfection that causes the IC tofail. Failure mechanisms are the physical causes of failure. For BiCMOS circuits, failuremechanisms in both MOS and bipolar transistors can produce circuit failures. Commonfailure mechanisms are discussed in several references [Amerasekera 87] [Woods 86][Fantini 85] [Hu 89]. These failure mechanisms are listed in Table 2-1.Table 2-1 Common Failure MechanismsFailure MechanismFailure ModeAffected LocationsESD, EOS

shorts, opens interconnects, MOS,bipolargate oxide breakdownleakage, shortsMOShot carrier effects threshold voltage shiftreduced current gainMOSbipolarionic contamination threshold voltage shiftreduced current gainMOSbipolarpiping, EED shortsreduced current gainbipolar electromigrationopens, shortsinterconnectscontact migrationopens, shortscontactscorrosionopensinterconnectsspot defects interconnects, MOS,bipolarlatchupshort circuitCMOSradiationsoft errorsmemory elementscrosstalksignal disturbanceinterconnectsThe electrical effects of a failure are called failure modes. The most dominantfailure modes in CMOS and bipolar ICs are shorts and opens [Fantini 85] [McEuen 93].To simulate these failures, fault models are used to model the important electrical behaviorof the failures. The most common fault models are discussed next.2.2 Fault ModelsImportant electrical properties of failures are modeled using fault models to ease testgeneration and fault simulation. Fault models can be defined at several levels, which canbe:¥ Architectural level: where the basic constructs are functional units such as adders,multiplexers, and registers.

5¥ Gate level: where the basic constructs are logic gates such as AND, OR, XOR, etc.¥ Switch level: where the basic constructs are signal switches and storage nodes, withdiscrete signal and drive strengths.¥ Transistor level: where the basic constructs are transistors, resistors, capacitors, etc.¥ Layout level: where the basic construct are diffusion area, polysilicon and metal, etc.The complexity of simulation increases rapidly from one level to the next level. Themost common fault models are described below.2.2.1 Stuck-At Fault ModelIn the stuck-at fault model, a faulty net is permanently connected to either the lowlogic level, called stuck-at-0, or the high logic level, called stuck-at-1. For example, Fig.2-2 shows a multiplexer circuit with input A stuck-at-1. A single stuck-at fault modelassumes that only one net can be faulty at a time, whereas a multiple stuck-at fault modelallows more than one net to be faulty concurrently.ABS&+Z1hgFigure 2-2 Stuck-at FaultsStuck-at test sets can be generated at different levels. At the architectural level,faults are assumed to occur on the inputs and outputs of the modules. These are alsoknown as pin faults. For example, in the multiplexer circuit of Fig. 2-2, the pin faults arestuck-at faults on inputs A, B, S and output Z. At the gate level, faults can occur on theinputs and outputs of individual gates. For the case of the multiplexer, this includes stuck-at faults on leads h and g in addition to the pin faults. Stuck-at faults in the switch leveltranslate to stuck-on, stuck-open and bridging faults, which will be discussed in thefollowing sections.2.2.2 Stuck-Open and Stuck-On Fault ModelsIn a switch-level representation of a CMOS circuit, MOS transistors are modeled asswitches that conditionally transfer signals. The stuck-open fault model assumes that afaulty transistor never switches on (permanently disconnected), while a stuck-on fault

6model assumes that a faulty transistor never switches off (permanently connected)[Wadsack 78]. For an NMOS transistor, stuck-open and stuck-on faults are equivalent tostuck-at-0 and stuck-at-1 faults on the gate of the transistor, respectively.Detecting a stuck-open fault generally requires a two-pattern test. When a transistoris stuck-open, either the output cannot be pulled high (for a PMOS stuck-open fault) orcannot be pulled low (for an NMOS stuck-open fault) for certain test patterns. To test for aPMOS stuck-open, the output is first set to a low logic level in the first test pattern, whileduring the second test pattern, we attempt to pull the output to a high logic level through thePMOS transistor. If the PMOS transistor was stuck-open, the output stays at a low logiclevel, otherwise the output will be pulled high. For example, for the NAND gate shown inFig. 2-3, to test for a stuck-open fault in transistor P1, we apply the two-pattern testAB=11, 01. The fault-free output is 1 after applying the second pattern, while the faultyoutput is 0. Similarly, to test for a stuck-open fault in transistor N1, we apply the two-pattern test AB=00, 11.ABABP1P2N1N2VDDFigure 2-3 2 Input NAND GateTesting for stuck-on faults requires more knowledge of transistor and interconnectelectrical characteristics. If a PMOS transistor was stuck-on, we can potentially detect thisfault by turning the corresponding NMOS transistor on. For example, to detect a stuck-onfault on transistor P1 in Fig. 2-3, we apply AB=11. If the PMOS transistor pull-up (P1) isstronger than the NMOS pull-down (series transistors N1 and N2), the output is at a highlogic level, and the fault is detected. This is called p-dominance. If the circuit was n-dominant, where the NMOS transistor pull-down is stronger than the PMOS transistorpull-down, then a stuck-on fault on a PMOS transistor cannot be detected by voltage

7measurements at the output. Stuck-on faults can be detected by measuring the quiescentsupply current (IDDQ), since a static current path is formed between the supply voltage andground [Malaiya 84].2.2.3 Bridging Fault ModelsA bridging fault is an unintentional connection between signal lines [Mei 74]. Amultiple bridge is a bridge involving more than two nets (Fig. 2-4a). A bridge can form afeedback loop, possibly transforming a combinational network into a sequential one (Fig.2-4b).+&11G3G4G1G2+1G1G2(a)(b)Figure 2-4 Bridging Fault (a) Non-Feedback (b) FeedbackIn TTL and ECL technologies, a bridge between two nets can be modeled byANDing or ORing the logic values on the two nets [Mei 74]. This is called the wired-ANDand wired-OR model, respectively. However, bridges in CMOS technologies cannot bemodeled as simple wired-AND or wired-OR logic; voting models are more accurate. In thevoting model [Acken 91], when two nets driven to different logic levels are bridgedtogether, the resolved logic level depends on the relative strengths of the pull-up network(p-transistors) and pull-down network (n-transistors). Although the voltage level of thebridged nets is a voltage divider between the pull-up and pull-down networks, the logicgates driven by the bridged nets would normally interpret that intermediate voltage level aseither a high or low logic level. For example, in Fig. 2-4(a), the output of G1 may behigh, and the output of G2 may be low, resulting in an intermediate voltage on the bridge.If the logic thresholds of G3 and G4 are different, the output of G3 may not be equal to theoutput of G4.Bridging faults may cause high quiescent supply current, since the two nets that arebridged together may be set to different logic levels. A pull-up path may attempt to charge

8one net, while a pull-down path may attempt to discharge the other net. With these twonets bridged together, a static current path between supply and ground occurs, and thebridge can potentially be detected by IDDQ testing [Hawkins 94].2.2.4 Delay Fault ModelsDelay fault models are used to model the effect of defects that causes the circuit tobe slower than normal [Breuer 74]. Two types of delay fault models have been proposed:the gate delay and the path delay fault. In the gate delay fault model, the propagation delaythrough the faulty gate is longer than expected. However, even if a single gate is slow, theperformance of the network may not suffer if the gate is not on the critical path, i.e., thelongest path from the primary input to the primary output of the network. In the path delaymodel, the fault is in a path that contains a series of gates. A path is faulty if thepropagation delay through that path is longer than expected.As in the case of stuck-open faults, two-pattern tests are needed to detect delayfaults. To test for a delay fault, we need to launch a transition at the inputs and measure thepropagation delay of that transition at the output. Launching a transition is equivalent toapplying two patterns at the inputs.2.2.5 Transistor-Level Fault ModelsTransistor-level fault models are used to accurately study the analog behavior ofsome real defects. The most important fault models at the transistor level are resistiveshorts [Hao 91] and capacitive opens [Maly 88]. Many physical defects such as gate-oxideshorts [Hawkins 85] and collector-emitter pipes [Amerasekera 87] can produce shorts withhigh resistance values. The faulty behavior of a defective static CMOS gate is found to bestrongly dependent on the resistance of shorts [Hao 91] and capacitances coupled withopen gates [Maly 88].Accurate transistor-level fault models require time consuming SPICE-likesimulations. Therefore, their usefulness is limited to small portions of a large circuit. Ourapproach to study failures in BiCMOS and dynamic CMOS logic starts with injectingaccurate transistor-level faults into simple gates, simulating the faulty circuits at thetransistor level, and finally modeling their faulty behavior at the switch-level or gate-level.2.2.6 Layout-Level Fault ModelsVery accurate fault models can be used at the layout level, where physical faultssuch as possible extra or missing parts of different layers and contacts are considered.These fault models are used extensively in inductive fault analysis, where the effects of

9layout level faults are simulated, and their behavior is extracted to gate level faults[Ferguson 88].Note that the goal of fault modeling is not accuracy, but rather adequacy inachieving a target quality level with the least computational effort and the shortest test time.For example, if we are targeting a product with moderate quality demand, a high singlestuck-at fault coverage may be adequate to achieve our goal. Using a fault model withhigher complexity such as bridging fault or delay fault may translate into morecomputational effort for both test pattern generation and fault simulation, and may yieldlonger test sets that require longer tester time, leading to higher overall testing costs.2.4 Contributions to Fault Modeling: Stationary FaultA new gate-level fault model called a stationary fault is defined here.DefinitionA circuit is said to contain a stationary fault if the output initially switches correctly,but settles to an incorrect steady-state value.Stationary faults are similar to data retention faults in memory cells, where thecontents of a memory cell may leak away before the cells are refreshed. Stationary faults,however, effect logic gate outputs rather than memory cells.A comparison between the output waveforms of a stuck-at, delay, stationary fault,and a static hazard is shown in Fig. 2-5. In each case, the solid line indicates the fault freeoutput, while the dashed line indicates the faulty output. For the stuck-at fault, the outputis incorrect initially and stays incorrect. For delay faults and static hazards, the output isincorrect initially but settles to a correct steady-state logic value.Stuck-at Fault6 6

Delay Fault6 4Static Hazard6 4

Stationary Fault4 6

(a) (b) (c) (d)Figure 2-5 Comparison between fault models

10An important attribute of a stationary fault is its leakage time. The leakage time isdefined to be the time from the correct transition to the output switching to an incorrectsteady state value. Longer leakage time means that the stationary fault is harder to detect.Stationary faults are found in BiCMOS and dynamic CMOS circuits. For dynamicCMOS circuits, the failure mode is the same as retention faults in memory cells, which isexcessive leakage current. However, for BiCMOS gates, stationary faults occur because ofdifferent switching times of pull-up and pull-down paths in the presence of a defect. Thiswill be explained further in Chapter 3.2.5 Test Pattern GenerationTest patterns can be generated with or without using a fault model. An example ofa fault model used for test generation is the single stuck-at fault model, where only onestuck-at fault can happen in a faulty circuit. The single stuck-at fault model is the mostwidely used model to generate test patterns.To generate a test, the fault must be provoked, and the faulty behavior must bepropagated to the outputs. To provoke a stuck-at fault on a line, we force the line to be alogic value other than the stuck-at logic value. For example, to test for a line stuck-at-0, theline is forced to 1. A logic 1 value will appear on a fault-free line, whereas a logic 0 valuewill appear on a faulty line. The effect of this faulty 0 must be propagated to the outputs todetect the fault.The advantage of using fault models to generate test sets is that it is very easy tocompare among generated test sets by comparing the proportion of faults that are detectedin each test set. The disadvantage is that a fault model cannot model every possible fault inthe circuit; therefore, some unmodeled faults may not be detected.An example of a test that is generated without a fault model is IDDQ test [Soden93]. An IDDQ test is a test where the quiescent supply current is measured. The premiseof IDDQ tests is that the steady-state leakage current in a defect-free static CMOS circuit isnegligible. Some defects can cause the steady-state leakage current to be higher by severalorders of magnitude.2.6 Design-for-TestabilityWithout careful design of complex VLSI circuits, it is impossible to test for everyfault in the circuit, especially for sequential circuits. This is due to both the inaccessibilityof internal nodes in complex circuits, and the limited test time because modern automatic

11test equipment (ATE) is very expensive. To ease testing, special circuitry, called design-for-testability circuitry, are added to the original circuit [McCluskey 86].It is generally much more difficult to generate test patterns to test for faults insequential circuits than combinational circuits. To test for the combinational logic block(CLB) in a sequential machine (Fig. 2-6), test patterns must be applied at the inputs to theCLB. However, not all inputs to the CLB are accessible from the primary inputs; some ofthem are provided by internal latches. Setting the desired test pattern on the internal latchesmay require several input patterns to be applied. Furthermore, not every output of the CLBis observable from the primary outputs; some outputs of the CLB are stored in internallatches. To observe the faulty output of the CLB, several clock cycles may be required topropagate the fault to the primary outputs.InputsOutputsScan inScan outComb.LogicComb.LogicFigure 2-6 Scan ChainA standard design-for-test method to solve this problem is to use special scannablememory elements (latches or flip-flops), and link these memory elements into a scan chain(Fig. 2-6) [McCluskey 86]. During normal operation, these scannable bistables act asnormal bistables, whereas during scan operation, these bistables are configured as a longshift register, with a special primary input called the scan input (or scan-in), and a specialprimary output called the scan output (or scan-out).

12Chapter 3Failures in BiCMOS and Dynamic CMOS LogicTesting BiCMOS and Dynamic CMOS logic is discussed here. Resistive shortsand transistor opens are injected into BiCMOS and Dynamic CMOS gates, the defectivegates are simulated using a transistor level simulator (HSPICE), and their faulty behavior isanalyzed and modeled at switch or gate-level. We will show the implications of this faultybehavior on the testability of BiCMOS and dynamic CMOS logic.3.1 BiCMOS and Dynamic CMOS Gate StructuresThere are several different gate structures for both BiCMOS and dynamic CMOSlogic. The discussion here will focus on the Conventional BiCMOS and the CMOSdomino gate structures. The Conventional BiCMOS NAND gate and the CMOS dominoAND gate are shown in Figs. 3-1 and 3-2, respectively. For details on the operation ofthese two gates, refer to [Weste 93]. The results of this study, however, are applicable toother BiCMOS structures, such as BiNMOS [El-Gamal 89] and full-rail BiCMOS [Embabi93], as well as other precharged dynamic CMOS logic, such as NORA [Goncalves 83].VddOutM1M2M3M4M5M6M7Q1Q2ABFigure 3-1 Conventional BiCMOS NAND Gate

13DDClkABOutVDDVMPMNMAMBM1M2ZFigure 3-2 CMOS Domino AND Gate3.2 Previous WorkBiCMOS and dynamic CMOS failures, faults, and testing were addressed in severalpapers. A brief survey of these papers is presented here.3.2.1 Stuck-Open, Stuck-On, and Bridging FaultsStuck-open, stuck-on and bridging faults in BiCMOS gates were studied by Menonet al. [Menon 92]. They showed that the majority of stuck-open and stuck-on faults in aBiCMOS NAND gate cause delay faults, and only a few stuck-open and stuck-on faultscause stuck-at faults. Design-for-testability circuits targeting stuck-open faults in BiCMOSgates were proposed in [Menon 93]. With the addition of two transistors, most stuck-openfaults in the BiCMOS NAND gate were detectable with single-pattern tests instead of two-pattern tests (see Sec. 2.2.2). We showed that this scheme, however, cannot detect everytransistor open in the BiCMOS NAND gate [Ma 94a].A more detailed study of the behavior of bridging faults in BiCMOS gates was doneby Favalli et al. [Favalli 93]. Because of the strong current drive of bipolar transistors, aresistive bridge between the output of two BiCMOS gates was generally harder to detectthan CMOS gates. On the other hand, bridges in BiCMOS gates drew much higher supplycurrent than CMOS gates, especially at low bridge resistance values (<1kW).Stuck-open and stuck-on faults in CMOS domino logic were discussed in[Oklobdzija 84] [Wunderlich 86] [Singh 88]. In general, stuck-open faults in domino logicare easier to detect than static CMOS logic, mostly requiring only single-pattern tests. Thisis because the precharge phase in domino logic acts as the first pattern in a two-pattern test.Stuck-open and stuck-on fault models assume that the faulty transistor is eitherpermanently off or on. These faults are equivalent to an infinite resistance open and a zeroresistance short between the source and drain of the faulty transistor, for the case of stuck-

14open and stuck-on faults, respectively. However, experimental evidence showed that shortresistances can be fairly large [Hawkins 85], and transistors with open gates may not turnoff permanently [Maly 88]. Therefore, for more accurate failure mode analysis, shortresistances and open capacitances cannot be ignored.3.2.2 Resistive Shorts and Transistor OpensIn CMOS circuits, resistive shorts can produce stuck-at, stuck-on, delay faults, andreduced noise margins [Hao 91]. In general, functional failures occur for shorts withresistance values smaller than some critical resistance [Hawkins 94]. A functional failure isa failure that changes the function of the circuit regardless of the operation speed. Forshorts with resistance values greater than the critical resistance, delay faults may occur.The amount of delay increases as the short resistance approaches the critical resistance.The critical resistance of a short is a function of several parameters, including processvariations, circuit design, and logic input thresholds.Several simulation studies have been reported on resistive shorts and transistoropens. Levitt et al. analyzed shorts and opens in several BiCMOS gate structures,including the Conventional BiCMOS gate structure [Levitt 94]. Each short was simulatedwith three different resistance values: 100W, 1kW and 10kW. Results of their simulationsshowed that most resistive shorts and transistor opens did not behave as stuck-at faults.Many shorts and opens were detectable by current measurements; however, there weresome shorts and opens that can be detected only by delay tests. Some gate structures suchas the full-rail BiCMOS gate had opens and shorts that were undetectable by either delayIDDQ tests.Similar results were obtained by Stewart et al. [Stewart 91] and Salama andElmasry [Salama 92]. However, the number of shorts and opens that were detectable bycurrent measurements or delay tests varied. Variations in the detectabilities reported in theliterature were due to differences in process technology, circuit parameters, and how thefaulty shorts and opens were modeled. To enhance the resolution of supply currentmeasurements, several design-for-testability circuits were proposed in [Levitt 94] [Salama92] and [Osman 94].Here are some open areas that were not discussed in previous work:1) All previous studies simulated shorts with a few resistance values. In general, faultyconditions occurred at low and intermediate short resistance values, and no fault occurswhen the short had a large resistance. There were no previous studies on the criticalshort resistance for BiCMOS circuits.

152) For transistor opens, there were no general explanations for why some opens weredetectable by delay tests only.3) There were no studies on resistive shorts and transistor opens in dynamic logic circuits.The next few sections will address these three issues.3.2.3 Layout Level Fault ModelsDenner et al. performed an inductive fault analysis on a BiCMOS sea-of-gate array[Denner 91]. They found out that most layout level defects translated to shorts and opensat the transistor level, with a few defects producing stuck-open or stuck-on faults.There were no studies found on layout-level fault analysis for dynamic CMOSlogic. However, due to similarities in the layouts of static and dynamic CMOS, layoutlevel defects in dynamic CMOS are expected to behave as shorts and opens, as in the caseof static CMOS [Ferguson 88].The discussion above validates our approach of injecting resistive shorts andtransistor opens into BiCMOS and dynamic CMOS gates to analyze their faulty behavior.3.3 Contributions to Analysis of Resistive Shorts in BiCMOS GatesTo study the effect of resistive shorts on BiCMOS circuits, a circuit with aBiCMOS NAND gate of Fig. 3-3 was simulated using SPICE. Process parameters of theStanford BiCMOS process [Schott 90] were used. The inputs to the BiCMOS NAND gatewere driven by CMOS inverters to shape the input waveform, and the BiCMOS outputlogic level was restored through CMOS inverters. The output of the BiCMOS gate wasalso loaded with a 1pF capacitance. Shorts were injected between each pair of transistorterminals: the source, drain, and gate. Shorts were modeled as a resistor between theshorted terminals. The resistance of each short was varied from 2kW down to 0W. Specialattention was given to short resistances that produced a BiCMOS output close to theswitching threshold of the output CMOS inverters (2.5V in our case).Simulation results are summarized below. For more details, see [Ma 92].

16VddM1M2M3M4M5M6M7Q1Q2AB111In1In2BiCMOSOutputRestoredOutput1pfFigure 3-3 Simulated BiCMOS NAND gateCritical ResistanceCritical resistances beyond which a short can be detected as a functional failure isfairly low, ranging from 50W to 900W. For some shorts, the transition from a functionalfailure to a delay fault as a function of short resistance is not as smooth as in the CMOScase. Shorts with resistances close to the critical resistance may produce oscillations orstationary faults (see below).Base-emitter (BE) shortsBE shorts in bipolar transistors cannot produce output stuck-at faults; they can onlyproduce delay faults, since the base-emitter junction acts as a diode that allows current toflow from base to emitter (NPN transistor). Injecting a BE short is equivalent to adding aparallel conduction path to the diode.Collector-emitter (CE) shortsCE shorts can cause stuck-at faults at the output, since shorting the collector andemitter of Q1 is equivalent to shorting the BiCMOS output to VDD, and shorting thecollector and emitter of Q2 is equivalent to shorting the BiCMOS output to ground.Base-collector (BC) shortsBC shorts can produce stuck-at faults at the output, since there is an inherent diodeconnection between the base to emitter. Therefore, there exists a current path from thecollector to the emitter, which, as discussed above, can generate output stuck-at faults.

17Input-Output ShortsA short between the output and an input of a BiCMOS gate can cause the output tooscillate. A BiCMOS NAND gate with a gate-to-drain short on M6, which is equivalent toa short between input B and the BiCMOS output, was simulated using SPICE. The outputof the BiCMOS gate and its restored output are shown in Fig. 3—4a and b, respectively. Ashort resistance of 300W produces oscillations at the restored output. The reason why thisshort causes the output to oscillate is because it provides a permanent pull-up path for theoutput when B is high (Fig. 3-3), while transistor Q2 alternates between on and off states[Ma 92]. The range of short resistances that can cause the restored output to oscillate isvery small. However, oscillations are hard to detect, and can escape both stuck-at anddelay tests.12345

V0 (V)0 x 1 0 -9 1 0 1 5 2 0 time (s)

No Short R=400 R=350 R=300 R=250012345

V2 (V)0 x 1 0 -9 1 0 1 5 2 0 time (s)

No Short R=400 R=350 R=300 R=250(a)(b)Figure 3-4 Oscillations in BiCMOS Gates (a) BiCMOS Output (b) Restored Output� IEEE [Ma 92]Q1 Base ShortsA short from the base of Q1 to ground, either directly or indirectly, can produce astationary fault. An example of a direct short is a gate-to-source short on M7, whereas anexample of an indirect short is a source-to-drain short on M4 when the BiCMOS inputsAB=10, as shown in Fig. 3-5.In Fig. 3-5, a stationary fault can occur when the inputs to the CMOS inverters areswitched from 00 to 01, i.e., the inputs to the BiCMOS NAND gate are switched from 11to 10. A rising transition occurs at the BiCMOS output of a fault-free circuit, whilestationary faults can occur in a faulty circuit. The following steps explain how a stationaryfault occurs:

18VddM1M2M3M4M5M6M7Q1Q2AB111BiCMOSOutputRestoredOutput1pfVdd00—1hMPMNFigure 3-5 Physical defect causing stationary fault: M4 gate-to-drain short1) Initial conditions: Initially, when the inputs are 00, transistor MP of the CMOSinverter is conducting, as well as M3 and M4. The gate-to-drain short on M4 forms astatic path from VDD to ground (through channel of MP, gate-to-drain short on M4,channel of M4, and base-emitter junction of Q2). Hence, input B is held at anintermediate voltage, and transistor M2 is slightly conducting. This means that node h(base of Q1) is also at an intermediate voltage.2) Correct transition: When the inputs are switched to 01, transistor MP turns offwhile MN turns on. This transition will cause M2 to conduct stronger than before,allowing more current to flow through the base-emitter junction of Q1. Due to thebipolar current amplification, Q1 strongly charges the output capacitor to a high voltage.Hence the correct transition occurs without delay.3) Incorrect steady-state value: When h is charged to a high voltage, M7 turns on.Also, when the voltage on h is higher, the voltage on input B is also higher due to thestatic current path shown in Fig. 3-5. Therefore, transistors M4 and M6 are slightly on,allowing the output to discharge slowly through M5, M6 and M7. When sufficientcharge on the output is discharged, the output switches to a low logic value, and astationary fault occurs.An initial study showed that the short resistance range for which a stationary faultoccurs was fairly small, ranging from 600W to 650W [Ma 92]. Also the maximum leakage

19time was approximately 12ns. The small resistance range signified that the probability of astationary fault occurring in a BiCMOS gate was very low. However, the short resistancerange for which a stationary fault can occur depends strongly on circuit design (internalcapacitances and drive strengths) and logic thresholds of the output restoring CMOSinverters.To illustrate the sensitivity of stationary faults to circuit design, another BiCMOSgate was laid out with MAGIC [Mayo 90]. All NMOS transistors were 24m/2m, and allPMOS transistors were 18m/2m. The input threshold of the CMOS inverters was slightlyhigher than VDD/2 (approximately 2V). SPICE files were extracted from the layout (exceptfor bipolar transistor, which the extraction tool could not extract), and the circuit wassimulated using HSPICE [Meta 95]. The result of SPICE simulations for inputs switchingfrom 00 to 01 is shown in Fig. 3-6. The short resistance that can cause a stationary faultranges from less than 500W to approximately 710W. The maximum leakage time at 710Wis approximately 36ns. Figure 3-7 shows the relationship between the short resistance andthe leakage time.012345

Restored Output (V)01 0 2 0 3 0 4 0 5 0 time (ns)

Fault-free700 W500 W0 WFigure 3-6 Stationary Faults in BiCMOS Gate: M4 gate-to-drain short 20 Short Resistance (Ohms)Leakage time (ns)2 0 2 5 3 0 3 5 4 0 4 0 0 5 0 0 6 0 0 7 0 0 Figure 3-7 Leakage Time vs. M4 Gate-to-Drain Short Resistance3.4 Contributions to Analysis of Transistor Opens in BiCMOS GatesThe BiCMOS NAND circuit of Fig. 3-3 was simulated with transistor opens.Detailed analysis of simulation results is given in [Ma 94a]. Here is a summary of theresults.M1, M2 OpensAn open in either transistor M1 or M2 produce stuck-open faults. This means thatif there is an open on M1, the output can be charged to a high voltage only if M2 is turnedon; the output cannot be charged to a high voltage using M1. This is also true for M2opens.Q1 Base and Emitter OpensSince the output can be connected to the supply voltage only through these twonodes (no Q1 collector current if there is no base-emitter current), an open in these twonodes will produce a stuck-at-0 fault at the output.M5, M6 OpensM5 and M6 are responsible for discharging the output to ground through the base-emitter junction of Q2, and therefore allowing Q2 collector current to further discharge theoutput during a high-to-low transition. If either M5 or M6 is open, the output will bestuck-at-1, since both output discharge paths (M5 and M6 path, and Q2 collector path) arenot conducting.

21Other Transistor OpensOpens on all other transistor nodes do not affect the function of the BiCMOSNAND gate. An open in these nodes will only cause the performance to degrade, and adelay fault can occur.3.4.1 Stuck and Non-stuck NodesDefinitionA node is open fault testable if and only if an open on the node can be detected usingstuck tests (stuck-at, stuck-open, or stuck-on tests). An open fault testable node isalso called a stuck node. A node is a non-stuck node if an open on the node cannot bedetected by stuck tests.Stuck and non-stuck nodes in a Conventional BiCMOS NAND gate are shown inFig. 3-8 as dashed and solid lines, respectively. Notice that the structure of stuck nodesresembles the structure of a CMOS NAND gate. Based on our SPICE simulations foropens in other BiCMOS gate structures, such as the BiNMOS [El-Gamal 89], full-railBiCMOS [Embabi 93], and the CBiCMOS [Hiraki 92] NAND gates, we found that thestructure of the stuck nodes resembled a CMOS NAND gate in each case [Ma 94a]. Theonly exception is the full-rail BiCMOS gate with collector-emitter (CE) shunt, since thisBiCMOS gate consists of a BiCMOS and a CMOS NAND gate connected in parallel. Theparallelism in the gate structure provides full functional redundancy, such that if one part ofthe gate is faulty, the other part will mask out the failure. Therefore, transistor opens in thefull-rail BiCMOS gate with CE shunt cannot produce stuck faults [Ma 94a].VddABOutM1M2M3M4M5M6M7Q1Q2Figure 3-8 Stuck (dashed lines) and Non-stuck nodes (solid lines) in a BiCMOS NAND gate� IEEE [Ma 95]

223.4.2 Open Fault Testability Prediction for BiCMOS GatesUsing the previous observation that the structure of stuck nodes in a BiCMOS gateresembles the structure of a CMOS gate with the same functionality, we derived proceduresto predict whether a node in a BiCMOS gate is a stuck node. These procedures were basedon switch-level models for CMOS circuits, with extensions for bipolar transistors. Theextended switch-level model is discussed next. Using the extended switch-level model, weshowed that the open fault testability of all nodes in a BiCMOS gate can be derived by afew simple set manipulations [Ma 95a]. This provides a very rapid way to assess thetestability of each open fault in a BiCMOS gate without running time consuming transistorlevel simulations.3.4.3 Extended Switch-Level Model for BiCMOS GatesA switch-level model is a model between gate-level and transistor-level models,where each transistor is modeled as a switch. Switch-level models provide higher accuracythan gate-level models, yet allow simulation speeds faster than transistor-level models.Switch-level algorithms were developed for several important tasks such as faultsimulation, automatic test pattern generation, formal verification, and timing analysis[Bryant 87].Switch-level models were typically used for digital MOS circuits, since each MOStransistor can be modeled as a voltage switch. There were also several proposed switch-level models for emitter-coupled logic (ECL) circuits by modeling each bipolar transistor asa current switch [Yang 93]. The switch-level model for MOS transistors is extended hereto include bipolar transistors.In the switch-level model, MOS transistors are modeled as switches controlled bythe voltage level of its gate terminal, conditionally allowing a signal to propagate betweenthe source and drain terminals. MOS transistors are bi-directional elements; current canflow from source to drain or vice versa. In our extended switch-level model, each bipolartransistor is modeled as two switches. The first switch is controlled by the base-emittervoltage level, which determines whether a signal can propagate from base to emitter, andthe other switch is controlled by both the collector-emitter voltage and whether the firstswitch is on, which determines whether a signal can propagate from collector to emitter.For more details, refer to [Ma 95a].Although the bipolar transistor is actually a current switch, it is modeled as twovoltage switches in the extended switch-level model to be consistent with switch-levelmodels for MOS transistors. This approximation is adequate for the digital BiCMOS gatestructures analyzed in [Ma 95].

233.5 Contributions to Analysis of Resistive Shorts in Domino GatesThe domino AND circuit shown in Fig. 3-9 was laid out using MAGIC [Mayo 90],and SPICE files were extracted. Resistive shorts were injected into the domino AND gateand simulated using HSPICE [Meta 95], with MOSIS 1.0mm N-well process parameters[Pi]. Notice that the Clk input is driven by a static CMOS buffer (not shown in Fig. 3-9),which consists of two cascaded static CMOS inverters. Results are summarized in Table 3-1, and explained briefly below. For each resistive short, the shorted nodes were listed inTable 3-1, as well as the faulty behavior when the short resistance was either high or low.SA1, SA0, SF, SH, D, and NM denote stuck-at-1, stuck-at-0, stationary fault, statichazard, delay, and reduced noise margins at the output, respectively. A/SA1 and B/SA1denote stuck-at-1 at the input A and input B, respectively.

Clk indicates that the outputfollows the complement of the Clk input, whereas,

Out means that the faulty output is thecomplement of the fault-free output.ClkABOutVDDMPMNMAMBVDDM1M2ZClkIn1VDDVDDClkIn2VDDVDDClkVDDVDDhgFigure 3-9 Simulated domino AND circuitTable 3-1 Effect of Resistive Shorts on Domino AND GateResistive ShortTransistorGate-DrainGate-SourceSource-DrainNodesLow RHigh RNodesLow RHigh RNodesLow RHigh RMP Clk-Z

ClkSF, D Clk-Vdd

SA1SFVdd-Z

SA0DMNClk-gSA0DClk-GndSA0Dg-Gnd——MAA-ZSF, SHDA-hDDZ-hA/SA1SFMBB-hSFDB-gDDh-gB/SA1SFM1

Z-OutOutNMZ-Vdd

SA0DOut-Vdd

SA1NMM2Z-OutOutNMZ-Gnd

SA1DOut-Gnd

SA0NM

24In general, an excessive leakage on dynamic node Z will produce a stationary fault.Excessive leakage can be a result of either a direct or indirect short between node Z andground.Transistor MP shortsGate-to-source short: With a gate-to-drain short, the equivalent Clk input circuit is shown inFig. 3-10. Rsh is the resistance of the short between the source and gate of MP. Thecapacitance C is a lumped capacitance that includes gate capacitances of MP and MNand interconnect capacitance of the Clk wire. A short with small resistance value(<50W) behaves as Clk stuck-at-1. This means that the precharge transistor MP of thedomino AND gate of Fig. 3-9 never switches on, and Z is never precharged high.Hence, the output of the domino AND gate is stuck-at-1. For shorts with higherresistance, the precharge time is longer that normal. If the precharge phase is not longenough to fully charge node Z to VDD, then during the evaluation phase, the leakage onnode Z may eventually lead to an incorrect logic level at the output. Therefore,stationary faults may occur.VDDCLOCKVDDVDDClkRshCMCFigure 3-10 Equivalent circuit for GS short on MPGate-to-drain short: A gate-to-drain short on MP will create a conduction path between Clkand node Z of the domino AND gate. For small resistance values, node Z follows theClk input regardless of other inputs, hence the output behaves as

Clk. For higherresistance values, node Z cannot be fully charged to VDD during precharge, due to thestatic current path shown in Fig. 3-11. The reduced voltage level on Z will not producea stationary fault during the evaluation phase, since the Clk input can charge node Z toVDD through the gate-to-drain short when either input A or B is low. However, whenboth A and B are high, the short resistance will oppose Z from discharging, and eitheran output stuck-at-0 fault or a delay fault may occur, depending on the short resistance.

25VDDCLOCKVDDClkRshCMCVDDZMPFigure 3-11 MP gate-to-source short during precharge phaseSource-to-drain short: A source-to-drain short on MP has no effect on the prechargephase. If the short resistance is small, the short prevents node Z from discharging to alow logic value during the evaluation phase, producing an output stuck-at-0 fault. Forhigher short resistances, the short will resist node Z from discharging, therefore a delayfault may occur.Transistor MN shortsGate-to-drain short A gate-to-drain short on MN has no effect on the precharging. Duringthe evaluation phase, a static current path exists from VDD to ground as shown in Fig.3-12. For small short resistances, the voltage on Clk is at an intermediate valuebetween VDD and ground, and MP is on, preventing node Z from discharging to a lowlogic value even when both gate inputs A and B are high. Therefore, an output stuck-at-0 may occur. For higher resistance values, transistor MP may be non-conducting,however, the short will resist node Z from discharging to ground, and a delay faultoccurs.Gate-to-source short A gate-to-source short on MN has no effect on precharging. Forsmall short resistance, the short behaves as Clk stuck-at-0. Therefore, the output isstuck-at-0. For higher resistances, both transistors MP and MN are on duringevaluation, and a delay fault may occur.Source-to-drain short A source-to-drain short on MN does not affect the operation of thedomino AND gate. During precharge, both inputs A and B are low. A short on MNdoes not affect the precharging of node Z. During evaluation, transistor MN is on, andthe source-to-drain short acts as a conduction path parallel to the channel of MN.

26CLOCKVDDClkRshCMCPVDDZMPVDD11MNMAMBgFigure 3-12 MN gate-to-drain short during evaluation phaseTransistor MA shortsGate-to-drain short A gate-to-drain short on MA connects input A to node Z. For a smallshort resistance, the output behaves as

Q . Therefore, to minimize the performanceoverhead, the capacitances on nodes D, A, and

Q need to be minimized when addingscan.DQClkClkAFigure 4-1 Transmission gate latchTo add scan capabilities to a latch, another input that can store charge on the storagenode A must be added. This is done by adding another transmission gate, shown astransistors M5 and M6 in Fig. 4-2, which is controlled by a separate scan clock (SClk).Notice that the source regions of transistors M5 and M6 can be merged with the sourceregions of M1 and M2, hence there need not be extra capacitance on node A.A transmission gate and an inverter are added to the output of the transmission gatelatch to isolate the possibly long capacitive interconnect of the scan out signal (SO) from thenormal data output

Q. Notice again that the drain regions of M7 and M8 can be mergedwith the drain regions of M3 and M4, adding no extra capacitance on

Q.DIQClkClkSISOSClkSClkASCANSCANM5M6M3M4M1M2M7M8Figure 4-2 Scan cell design for Transmission Gate LatchThe scannable transmission gate latch of Fig. 4-2 was laid out using MAGIC[Mayo 90] and SPICE files were extracted. The cell area is almost twice as large as the

36non-scannable transmission gate latch of Fig. 4-1. The cell was simulated using HSPICE[Meta 95] with MOSIS 1.0mm N-well technology [Pi]. The performance overhead of thescannable transmission gate latch was negligible compared to the non-scannabletransmission gate latch of Fig. 4-1.Static Scan Dynamic LatchDynamic latches store logic values as charge on capacitive nodes. If the latch is notclocked at high speed, the contents of the latch are lost. To perform IDDQ testing,however, all nodes in the circuits should be stable for a relatively long time. To maintainthe stored logic values on the latch, a dynamic latch that can be transformed into a staticlatch under scan mode is designed. The latch shown in Fig. 2-5 is a dynamic latch whenSCAN=0 and SClk=1. During scan operation, SCAN=1, and a feedback loop is formed.Therefore, the latch becomes static when clocked using SClk. Note that Clk should be heldlow when SCAN=1.DIQClkClkSClkSCANSCANSClkSClkSISOFigure 4-3 Static Scan Transmission Gate LatchOther Scan Latches and Flip-FlopsScan cells for the C2MOS latch, true single-phase clock latch, and various dynamicflip-flops have been designed. Area and performance overhead, as well as scan chainclocking and arrangements for each scan latch were discussed [Ma 95b].4.2 Design-for-Current-Testability (DFCT) for Dynamic CMOS LogicIDDQ testing can detect some defects that cannot be detected by functional tests[Hawkins 94]. Stuck-open faults, excessive leakage, shorts and bridging faults in dynamiccircuits are shown to be detectable using IDDQ testing [Horning 87] [Jacomino

3789][Renovell 93]. Vandris showed that stuck-on faults can always be detected by eitherfunctional or IDDQ tests [Vandris 91].Some defects in dynamic CMOS gates are undetectable if the gate inputs are notfully controllable [Ma 94b]. For example, during precharge, all inputs to domino logicgates are held at 0; an input of a domino gate cannot be set to 1 when the clock is 0.Therefore, a defect cannot be detected if its only test requires both an input to be 1 andclock to be 0. Furthermore, IDDQ is typically measured at very slow speeds (10 to100kHz) by external testers [Hawkins 89]. Dynamic nodes may lose their charges beforeactual measurements are made.To solve these problems, a design-for-current-testability circuit is proposed fordomino CMOS logic. One solution is to add a bleeder circuit [Weste 93] to each dominogate as shown in Fig. 4-4. Notice that the gate terminal of the bleeder transistor M3 mustbe connected to the output Out, and cannot be tied to ground. Connecting the gate of M3 toground will create a static current path from VDD to ground during evaluation for a fault-freegate, hence increasing the quiescent supply current significantly.ClkABOutVDDVDDMPMNMAMBM1M2ZVDDM3S1Figure 4-4 Domino AND Gate with bleeder circuitThe bleeder circuit of Fig. 4-4 solves all the issues mentioned above [Ma 94b].However, M3 opposes the dynamic node Z from discharging during evaluation; hence theoutput rise time is longer. Our simulations show that the low-to-high propagation delaytplh can increase by 24%. To minimize this performance penalty, we conditionally switchoff the bleeder circuit M3 during normal operation, as shown in Fig. 4-5. During normaloperation ITEST=0, and M3 is turned off. ITEST is switched to 1 during IDDQ testing,and the bleeder transistor M3 turns on whenever the output is low.The DFCT circuit shown in Fig. 4-5 has negligible performance penalty comparedto the domino gate without the bleeder circuit [Ma 94b].

38ClkABOutVDDVDDMPMNMAMBM1M2ZVDDM3VDDITESTFigure 4-5 Domino AND Gate with DFCT circuitry

39Chapter 5Concluding RemarksBiCMOS and dynamic CMOS logic offer high-speed circuit design solutions formodern microprocessors. Without careful considerations in reliability and testing, somecircuits are likely to fail in the field. This dissertation covers many issues in BiCMOS anddynamic CMOS testing that were never addressed before.First, a new fault model called a stationary fault was introduced. This fault canescape both stuck-at and delay tests, and can result in functional failures in the field.We analyzed some real defects that can occur in BiCMOS and dynamic CMOScircuits, and found that these defects can cause faults that occur in static CMOS circuits, aswell as other faults such as stationary faults and oscillations. For dynamic circuits, statichazards caused by physical shorts pose a problem for hazard-free designs.Analysis of opens in BiCMOS gates showed that the behavior of each opendepends on which path is open. Opens in functional paths caused functional failures,whereas opens in performance paths caused performance degradation only. The structureof functional paths in a BiCMOS gate was shown to resemble the structure of a CMOS gateof the same function.Switch-level models for CMOS gates were extended to include bipolar transistors,allowing efficient and accurate switch-level simulations for BiCMOS circuits. Theextended model was used to predict whether an open in the BiCMOS gate was detectablewith functional tests.Based on our simulations, we found that stuck-at tests can detect only half of theresistive shorts and transistor opens in a BiCMOS gate. Even delay tests could not detectall shorts and opens in a BiCMOS or dynamic CMOS gate, mainly because of stationaryfaults and redundancy.After we established the importance of stationary fault testing, two methods to testfor stationary faults were presented. Running tests at slow speeds would detect stationaryfaults; however, there are limitations on how slow we can run a dynamic circuit.Furthermore, slower test speed translates into longer tester time and hence higher test costs.The other method to detect defects that can cause stationary faults was by measuring thequiescent supply current. Quiescent supply current measurement is also a very slowprocess and cannot be correctly applied to dynamic circuits without precautions.To solve the problems of slow speed operation and supply current measurement indynamic circuits, design-for-testability circuits were proposed in Chapter 4. Dynamic

40latches and flip-flops were made scannable, allowing high controllability and observabilityfor circuits designed with dynamic storage elements. A scan cell design that transforms adynamic latch into a static latch during scan operation offered a simple solution to slowspeed testing for dynamic circuits.To allow supply current measurement tests for dynamic logic, a design-for-current-testability circuit based on the bleeder circuit was presented.Many future directions in BiCMOS and dynamic CMOS logic are possible. ManyBiCMOS and dynamic CMOS gate structures have been proposed in the literature. Acomplete study of each structure should be done before each gate can be reliably used.Inductive fault analysis (IFA) can be performed on BiCMOS and dynamic CMOSlayouts to investigate whether other non-conventional faults may occur. From IFA results,testable structures at the layout level can be derived.Finally, experimental results on real defects are needed for BiCMOS and dynamicCMOS circuits. The experiments should show the effectiveness of different testmethodologies in detecting failures in BiCMOS and dynamic CMOS circuits. Suchexperiments will help us understand how to achieve high quality in BiCMOS and dynamicCMOS circuits.

41REFERENCES[Acken 91] Acken, J. M. and S. D. Millman, �Accurate Modeling and Simulation ofBridging Faults,� in Proc. 1991 Custom Int. Circuits Conf., San Diego, CA, May 6—9,1991, pp. 17.4.1—4.[Amerasekera 87] Amerasekera, E. A. and D. S. Campbell, Failure Mechanisms inSemiconductor Devices, John Wiley & Sons, 1987.[Bearden 95] Bearden, D. et al., �A 133MHz 64b Four-Issue CMOS Microprocessor,� inDig. 1995 IEEE Int. Solid-State Circuits Conf., San Francisco, CA, Feb. 15—17,1995, pp. 174—175.[Bowhill 95] Bowhill, W. J. et al., �A 300MHz 64b Quad-Issue CMOS RISCMicroprocessor,� in Dig. 1995 IEEE Int. Solid-State Circuits Conf., San Francisco,CA, Feb. 15—17, 1995, pp. 182—184.[Breuer 74] Breuer, M. A., �The Effects of Races, Delays, and Delay Faults on TestGeneration,� IEEE Trans. Computers, vol. C-23, pp. 1078—1092, Oct. 1974.[Bryant 87] Bryant, R. E., �A Survey of Switch-level Algorithms,� IEEE Design & Test,vol. 4, no. 4, pp. 26—40, Aug. 1987.[Chamas 95] Chamas, A et al., �A 64b Microprocessor with Multimedia Support,� in Dig.1995 IEEE Int. Solid-State Circuits Conf., San Francisco, CA, Feb. 15—17, 1995, pp.178—179.[Colwell 95] Colwell, R. P. and R. L. Steck, �A 0.6mm BiCMOS Processor withDynamic Execution,� in Dig., 1995 IEEE Int. Solid-State Circuits Conf., SanFrancisco, CA, Feb. 15—17, 1995, pp. 176—177.[El-Gamal 88] El-Gamal, A., et al., �BiNMOS: A Basic Cell for BiCMOS Sea-of-Gates,�in Custom Int. Circuit Conf., San Diego, CA, May 15—18, 1989, pp. 8.3.1—4.[Embabi 93] Embabi, S., A. Bellaouar, and M. I. El-Masry, Digital BiCMOS IntegratedCircuits, Norwell, MA: Kluwer, 1993.[Fantini 85] Fantini, F. and C. Morandi, �Failure Modes and Mechanisms for VLSI ICs —A Review,� IEE Proc., vol. 132, part G, No. 3, pp. 74—81, June 1985.[Ferguson 88] Ferguson, F. J. and J. P. Shen, �Extraction and Simulation of RealisticCMOS Faults Using Inductive Fault Analysis,� in Proc. 1988 Int. Test Conf.,Washington, DC, Sep. 12—14, 1988, pp. 475—484.

42[Funatsu 89] Funatsu, S., M. Kawai, and A. Yamada, �Scan Design at NEC,� IEEEDesign & Test, Vol. 6, No. 3, pp. 50—57, June 1989.[Goncalves 83] Goncalves, N. and H. J. De Man, �NORA: A Racefree Dynamic CMOSTechnique for Pipelined Logic Structures, IEEE J. Solid-State Circuits, vol. SC—22,pp. 899—901, June 1983[Hao 91] Hao, H. and E. J. McCluskey, �Resistive Shorts� Within CMOS Circuits,� inProc. 1991 Int. Test Conf., Nashville, TN, Oct. 26—30, 1991, pp. 292—301.[Hawkins 85] Hawkins, C. F. and J. M. Soden, �Electrical Characteristics and TestingConsiderations for Gate Oxide Shorts in CMOS ICs,� in Proc. 1985 Int. Test Conf.,Philadelphia, PA, Nov. 19—21, 1985, pp. 544—555.[Hawkins 94] Hawkins, C. F. et al., �Defect Classes — An Overdue Paradigm for CMOSIC Testing,� in Proc. 1994 Int. Test Conf., Washington, DC, Oct. 2—6, 1994, pp.413—425.[Hawkins 89] Hawkins, C.F. et al. �Quiescent Power Supply Current Measurement forCMOS IC Defect Detection,� IEEE Trans. Industrial Elec., May 1989, pp. 211-218.[Horning 87] Horning, L. K. et al., �Measurements of Quiescent Power Supply Currentfor CMOS ICs in Production Testing,� Proc. Int�l Test Conf., 1987, pp. 300-309.[Hu 89] Hu, C., �Reliability Issues of MOS and Bipolar ICs,� in Proc. Int.. Conf. Comp.Des., Cambridge, MA, Oct. 2—4, 1989, pp. 438—442.[Jacomino 89] Jacomino, M J. Rainard, annd R. David, �Fault Detection in CMOSCircuits by Consumption Measurement,� IEEE Trans. Instr. and Meas., Vol. 38, No.3, June 1989, pp. 773—778.[Ji-Ren 87] Ji-Ren, Y., I. Karlsson, and C. Svensson, �A True Single-Phase-ClockDynamic CMOS Circuit Technique,� IEEE J. Solid-State Circuits, Vol. SC-22, No. 5,Oct. 1987, pp. 899—901.[Ma 92] Ma, S. C. and E. J. McCluskey, �Non-Conventional Faults in BiCMOS DigitalCircuits,� in Proc. 1992 Int. Test Conf., Baltimore, MD, Sept. 20—24, 1992, pp. 882—891.[Ma 94a] Ma, S. C. and E. J. McCluskey, �Open Faults in BiCMOS Gates,� in Proc. 12thVLSI Test Symp., April 25—28, 1994, pp. 434—439.[Ma 94b] Ma, S. C. and E. J. McCluskey, �Design-for-Current-Testability (DFCT) forDynamic CMOS Logic,�