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CHAPTER I 

THE CHALLENGES OF FUNCTIONAL DEBUG 

1.1 Debug of Complex Devices 

Since the invention of the semiconductor integrated circuit in 1958, integrated 

circuit devices have been continuously increasing in size and complexity. The 1994 

National Technology Roadmap for Semiconductors described complexity management as 

one of its four "grand challenges" facing the entire semiconductor industry: 

Semiconductor technology over the past years has advanced at an extraordinary 
rate and today has reached a level of complexity that is difficult to handle without 
sophisticated tools.... Increasing technical complexity is inevitable. The 
community must strive to manage complexity growth and provide engineers with 
tools to deal with it effectively. A competitive advantage can be generated by 
developing engineering support tools that assist in the application of emerging 
complex technologies [1]. 

In order to meet this challenge, tools must be provided to assist manufacturers in ensuring 

that yield and quality can remain high even as device complexity increases. 

One tool that is key to increasing both yield and quality is the debug of failing 

devices to determine the failure mechanism as exactly as possible. Whether the failure 

devices come fi-om intemal test points or from customer retums, the debug process is 

much the same. Detailed information must first be collected about exactly how the 

device is failing, or how it is not meeting specifications. This information, knovm as the 

electrical failure mode, must then be analyzed to determine a failure mechanism. (This 

process depends on the type of failure and will be discussed in section 1.2.) 



This failure mechanism is often then studied further to determine its root cause, 

the actual problem that caused the failure (i.e., a lack of design margin, process variation, 

or a random particle defect). This root cause can then be fed back to the design or 

fabrication process to implement corrective action. This process is extremely important 

at the beginning of a product/process lifetime, since at this point the yields are often very 

low and reliability unknown. However, debug often continues throughout the entire 

lifetime of a product, resulting in increased yields and quality as the product and process 

continue to mature. 

1.2 Limitations of Current Debug Methods 

Although memory devices, and memory arrays in complex devices, actually have 

much higher transistor density than logic areas, they also tend to have a very regular 

structure. Along with the simple purpose of a memory (reading of previously written 

data), this makes the testing and debug of memory devices straightforward, since vectors 

that determine exactly what bits are failing can be generated and applied. The actual 

debug process, knovm as memory mapping or bitmapping, involves building a complete 

list of the failing bits in the memory array and overlaying this on a map of the array 

layout. This mapping process can be automated to the point that maps are often 

generated in real time during the index time of the memory tester. These maps then 

provide a direct correlation between the list of failing bits and the failure mechanism. 

However, logic areas on a device tend to have neither the simplicity nor the 

regular structure of memory arrays, so failures in these areas tend to be much more 



difficult to debug. Often specialized test vectors must be developed to isolate the failing 

circuitry in more detail than during production test. Physical techniques, including 

backside probe or Focused Ion Beam (FIB), can also be used, but these tend to require 

large amounts of preparation, time, and expensive equipment. Because of these 

difficuhies, functional debug normally requires the time-consuming manual analysis of a 

highly trained engineer, often an expert in both process technology and device design. 

The use of current scan based testing techniques and automatic test pattern 

generation (ATPG) can allow the logic debug process to be automated somewhat, but 

purely scan-based analysis also has serious limitations. The ATPG diagnosis tools often 

suggest a large list of potential causes, which must be interpreted from a netlist signal 

name to an area or wire trace on the actual die layout. Additionally, the suggested signals 

often span a large section of the die area; too large for failure analysis to be reasonably 

and affordably performed. 

1.3 Logic Mapping as a Debug Tool 

This paper discusses a method for the automation of logic debug knovm as "logic 

mapping." Logic mapping combines scan based testing and analysis with inline 

inspection data taken during wafer fabrication, making it possible to reduce the 

(relatively) large die areas generated by present failure diagnosis methods to a single 

defect location, which can then be quickly and easily confirmed through physical failure 

analysis [2]. With proper setup conditions, this process can be performed without time-

consuming analysis by a device expert, resulting in large time and resource savings. 



The results discussed are from an implementation of the logic mapping 

methodology on a high-performance microprocessor. Chapter II discusses previous work 

in the areas of debug, failure analysis, and inline inspection. Chapter III describes the 

scope of the experiment, and discusses requirements and advantages of using the logic 

mapping flow. Chapter IV presents the specific procedural implementation of the logic 

mapping flow on the UltraSPARCTM-III microprocessor. Chapter V discusses the results 

from the experiment, including individual unit electrical and physical results. Chapter VI 

contains conclusions and potential of the method for production implementation and 

further research opportunities. 



CHAPTER II 

FAILURE ANALYSIS AND DEBUG TOOLS 

2.1 The Traditional Failure Analysis Flow 

The term failure analysis is often used for the entire process of determining the 

root cause of a particular failure, whether the failing device comes from internal test or 

customer return. Because the failing device may be a symptom of a larger design or 

fabrication process problem, the speed of failure analysis is critical. While the devices are 

being analyzed and until corrective actions are implemented, more material is being 

manufactured that may be affected by the same problems. 

To discuss improving the failure analysis process, specifically cycle time and 

resolution rate, it is important to understand how the failure analysis process proceeds for 

a traditional flow. This failure analysis (FA) process normally consists of several steps, 

as shovm in Figure 2.1 [3]. Fault localization (debug) involves determining the general 

area of the device where the failure is occurring, usually to a functional block (i.e., a 

specific adder or decoder). Deprocessing is the process of removing the chip from its 

package and inspecting and removing layers until the area and layer of interest can be 

observed. Defect localization and characterization is a further isolation of the defect 

location using non-destructive techniques, such as liquid crystal microscopy or other 

emission techniques. Finally, inspection and physical characterization is the process of 

precisely locating, imaging, and determining the type of a detected defect. Deprocessing, 



defect localization and inspection collectively are often referred to as physical failure 

analysis (PFA). 

Fault Localization 

i 
Deprocessing 

Defect Localization and 
Characterization 

Inspection and 
Physical Characterization 

Figure 2.1. The traditional failure analysis process [3]. 

One common problem with this failure analysis flow is that without a very 

specific area of interest, the secondary localization steps (performed physically) can be 

extremely time consuming and challenging. Commonly used physical localization 

techniques include liquid crystal microscopy, emission microscopy, and laser and 

electron beam probing. All of these techniques become more difficult as devices increase 

in complexity and geometries shrink, and all are complicated by the use of flip-chip 

packaging [4, 5]. 

In addition, attempting to rush any part of the physical analysis process can cause 

devices to be damaged, so tumaround times cannot readily be reduced for critical 

failures. Rushed failure analysis can result in uncertainty as to whether detected defects 

were actually causing the failure, or were artifacts created during the deprocessing and 

defect localization steps. This uncertainty causes lower than desired resolution rates for 



failure analysis, and can prevent the implementation of corrective actions that could 

eliminate costly yield and reliability problems. 

2.2 Traditional Debug Methodology 

Electrical failure analysis (EFA) performed on a failing device is intended to aid 

in localization of the failure. This localization makes the physical failure analysis much 

simpler because the analyst can focus on a smaller area, and ideally on specific layers. 

To make this localization possible, electrical fail signatures must be translated (or 

mapped) from nets that fail electrically into physical areas of the die to be inspected. 

This localization process is quite straightforward for memory devices and areas of 

embedded memory. Algorithmic pattems are used to test the memory, with the failure 

signatures translated into failing cells, rows, or columns. These array locations can then 

be mapped to the knovm physical location of the failing bits. This process has been 

refined to the point that automated systems are now able to generate physical defect maps 

in real time during the index time of the memory tester [6]. 

Until recently, however, there has not been an equivalent for logic devices (or for 

the logic sections of devices with both logic and memory). Often the only method 

available for functional debug has been the experience and intuition of an engineer who is 

an expert on both the logical design and the fabrication process. This has major 

limitations, since it is time consuming and tends to limit the debug process to one or two 

experts, causing a severe bottleneck in the failure analysis flow. It also makes the 



learning curve for functional debug extremely steep, because of the depth of background 

knowledge needed. 

One advance has been the inclusion of scan-chain based design-for-test structures 

with the use of automated test pattern generation [7]. For the use of scan-based diagnosis, 

the device must have a "full-scan" design-for-test implementation, meaning that all 

sequential logic elements must be externally controllable and detectable. Partial scan 

designs can also be debugged using a similar method, however any fails that occur in 

uncovered areas of the chip will be undiagnosable. The scan implementation is normally 

accomplished through the use of one or more scan chains, which act like serial shift 

registers when the device is in scan mode, allowing data to be shifted in and out of the 

sequential circuit elements. Figure 2.2 shows a block diagram of a sample circuit before 

and after scan chain insertion. 
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Figure 2.2. The scan insertion process [8]. 
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As with all design-for-test methods, the insertion of scan based registers instead of 

traditional registers does carry a cost in terms of die area and can affect performance. 

However, it is possible to limit this penalty to acceptable levels [9]. 

The IEEE 1149.1 standard provides for a test access port (TAP), which can be 

used as an external interface to the scan chain(s) [10]. This standard defines external pins 

such as test data in (TDI), test data out (TDO), test mode (TMS), and test reset (TRST), 

in addition to specifics on their implementation. Using the TAP (or any other scan pin 

interface) for scan testing follows a three-step procedure. Figure 2.3 shows a simplified 

timing diagram that shows the scan interface pins for a typical scan test during this 

process. In order to perform scan test through the TAP, commands must be issued to put 

the part into scan mode, and the device is clocked with the proper clock until the data 

applied to the TDI pin(s) is shifted in to the sequential elements. Next, the device is 

clocked through the normal or system clock to capture the output of the combinatorial 

blocks into the sequential elements. Finally, the device is again put into scan shift mode 

until all the output from the combinatorial blocks is shifted out through the TDO pin(s). 

., _—n... ._, __ 
<a ^J~..,..^...T T! n r n ,.n 

sh» 4JI1I. «I tt M«^ «ri^ itc^S sir. 

Figure 2.3. A simplified timing diagram of a scan based test [8]. 

Once the scan chains and test interface have been designed in, ATPG vectors 

must be generated to provide coverage of possible faults. ATPG tools (such as Mentor 



Graphics FastScan) can generate patterns to detect "stuck-at" faults, faults in which an 

intemal signal is always at a high voltage level (stuck-at-one) or a low voltage level 

(stuck-at-zero). While not all defects will cause stuck-at behavior, generating pattems 

based on the stuck-at fault model gives coverage of many possible faults with a relatively 

small number of vectors [11]. The ATPG tools can also generate pattems to include other 

types of faults, such as bridges, opens, and delay faults [12]. 

In addition to their pattern generation abilities, several commercial ATPG tools 

also have the ability to interpret fail signatures from generated pattems to analyze the 

potential root cause for a set of failures. The tool provides a list of suspected failing nets 

that could cause the observed fail signatures. However, this process also has limitations, 

because this diagnosis list often contains a large number of potential fault candidates or 

multiple nets that span much of the surface area of the die. Additionally, the suspected 

failing nets must be converted into physical die areas, which until very recently was a 

mostly manual process. Manual analysis first results in the coordinates of a boundary 

rectangle for physical analysis instead of individual wire traces to be checked. Manual 

analysis can be performed to the trace level, however this is an extremely time 

consuming process. 

Recently software tools have been developed which can automate the flow that 

translates from the test fail signatures to the physical layout map [13]. However, this 

alone does not eliminate the shortcomings discussed above, because even when generated 

using this method, the physical map often spans too much die area to be reasonably 
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inspected by physical localization techniques (either because of extremely long metal 

lines or muhiple potential fails in largely separated areas). 

2.3 Collection and Use of Inline Inspection Data 

The collection of inline inspection data during integrated circuit manufacture can 

be a useful tool in determining suspect manufacturing process steps and integrated circuit 

layers. Collected at selected points during wafer fabrication, inline inspection data is 

commonly used for statistical process control, or to detect gross problems with a process 

step through the detection of abnormally high defect densities. Collecting inline 

inspection data at critical layers (including poly, gate, and all metal and via layers) can be 

an extremely useful method of detecting problems with a process step quickly. Since 

wafers are inspected after critical process steps, if something is wrong with the process 

the inline inspection should catch the problem before many units are run through the 

defective process. 

Most inline inspection tools also allow higher resolution images to be taken of 

particular defects. This creates the possibility of being able to identify a root cause of a 

particularly high concentration of defects from nothing but the inline inspection data, 

while the wafer is still in the fab. Although there are often too many small defects to 

examine each at high resolution, it is often sufficient to image and categorize a smaller 

sample quantity to determine ways of potentially reducing defect densities. 

One problem with inline inspection data collection is that it is quite difficult to 

determine whether a particular defect is a "nuisance" defect, which causes no detectable 

failure (and may or may not actually represent a silicon defect), or a "killer" defect that 
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causes a failure. The fine-tuning of the inline inspection "recipe" is an iterative process, 

and by combining inline inspection data with the results of electrical and physical failure 

analysis it becomes possible to determine which defect detected at inline inspection is 

responsible for a particular failure mode. 

2.4 Combination of Data to Simplify Debug 

This thesis presents a methodology of combining all three of the types of data 

described in this chapter. By combining scan based debug, layout tools, and inline 

inspection data, it is possible to provide an automated debug flow which can increase 

resolution rates and decrease cycle times of both electrical and physical failure analysis. 

The logic mapping flow as described in this paper consists of two primary steps: 

coordinate extraction converts a list of potential failures into an electrical defect list with 

physical coordinate information, and overlay combines this data with inline inspection to 

further reduce the areas of interest. The next chapter discusses the potential application 

of this debug flow, along with the requirements and limitations of the methodology. 
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CHAPTER III 

APPLICATION AND LIMITATIONS OF LOGIC MAPPING 

3.1 Applicability of Logic Mapping: Tvpes of Failures 

To determine the applicability of the logic mapping technique, it is important to 

determine what type of devices can be analyzed using the technique, and what types of 

data are required to perform the logic mapping analysis flow. For all types of debug, it is 

important to have the device itself as well as excitation information that activates the 

failure mode. Devices that pass all tests, but fail in the system, become a test coverage 

issue beyond the scope of this discussion. The other requirements for debug depend on 

the type of failure observed. 

Failing devices tend to break down into a number of categories, based on the type 

and general cause of the failure. Failure categories such as continuity (opens/shorts) or 

parametric fails might require knowledge and inspection of the packaging and assembly 

process. Functional failures involving RAM arrays have well defined and often 

automated debug and failure analysis procedures. These procedures require data 

including the physical stmcture of the RAM arrays and their control logic. The 

remaining types of failures are described as tme functional fails, even though some 

parametric and many RAM failures cause functional pattems to fail as well. 

In full-scan designs, three types of functional failures can be described. Some 

units will fail some functional pattems, but pass scan integrity and all ATPG pattems. 

For these devices, the only debug technique available is the electrical and physical 

analysis of the failing module by a tme device expert. The number of these devices is 
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ideally small, and can be reduced through improvements in test coverage [14]. A second 

category of functional fails shows a problem with the integrity of the scan-chain itself 

These units cannot be analyzed using scan diagnosis, since the scan-chain must be 

working correctly in order to apply the test vectors and report the results of the scan test. 

The debug of this type of failure usually involves the application of specialized test 

pattems, although some cases may require electrical probing of the scan chain during 

device operation, using physical, e-beam, or laser probing. This limits the failure to a 

subset of the scan chain, but due to time restrictions, this process is not normally 

continued to reduce the failure mechanism to single gate or signal. 

The final category of functional fails is composed of devices that pass the scan-

integrity checks and fail ATPG vectors. ATPG fail units can be analyzed using scan 

diagnosis techniques, usually using the same tool that was used to generate the ATPG 

pattems. The scan diagnosis tools require the electrical netlist of the device, along with 

pattern and failure information. This analysis often consists of "stuck-af fault 

simulation; although tools exist that model other classes of faults [5]. The completed scan 

diagnosis results in a list of potential root causes, as described in Chapter II. This 

category of device failure can be further analyzed using the logic mapping methodology 

presented in this thesis. This technique combines the list of potential root causes with 

inline inspection data to further automate the debug process. 
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3.2 Requirements to Implement Logic Mapping 

In addition to the requirements discussed above to debug any failing device, 

implementing the logic mapping process requires several other types of data. The first 

step in the logic mapping flow, which can be applied to any diagnosable device, is the 

automation of coordinate extraction. This involves translating from a list of suggested 

fail nets given by the diagnosis tool to physical coordinates of each individual suggested 

signal trace. This automation significantly reduces the debug time required to reduce the 

area to be analyzed physically from a large rectangle to a set of smaller signal lines. 

Automating this extraction requires a database tool that contains cross-referencing 

allowing coordination of electrical netlist information and physical transistor layout. 

In order to perform this extraction, it is important that the electrical net names 

used by the diagnosis tools and the netlist used by the layout tool match as closely as 

possible. Any miscorrelations between the two netlists can add a manual-editing step to 

the logic mapping flow. This manual step decreases the time savings that logic mapping 

provides, and can add uncertainty that affects confidence in the output. 

The second step of the logic mapping flow is the data overlay. Since the process 

superimposes the electrical data described above with the observed physical defect data, 

it is important that inline physical data is collected at all critical levels during the 

fabrication process. This usually includes all the metal and via layers, along with poly 

and moat information. Additionally, the more accurately tuned the inline inspection 

"recipe," the better the performance of the logic mapping technique will be. Tying the 

results of electrical failure analysis back to the inspection data can be a great tool to aid in 
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the tuning of the inspection recipe, as the results from failing units are fed back to 

improve the future inspection data. 

Because most debug is performed on units after they have been split and 

packaged, it is vital that the original wafer location of the device being tested can be 

determined. This is usually done through the inclusion of device ID circuitry into the 

design. In most cases, the device ID circuitry consists of fuses that can be blovm by a 

laser during pre-package test, and the test simply accesses this information and reads out 

the ID. 

Finally, a tool must be used to perform the actual data overlay. The tool must 

combine the electrical and optical failure information and retum a list of hit resuhs. 

Ideally, this tool should allow the consideration of inter-layer defects as well as exact 

matches within the layers. Since the electrical failure information is translated into the 

same format as the inline inspection data, the overlay tool can simply be an extension of 

the inspection data tool. 

3.3 Advantages of Logic Mapping 

Implementing the logic mapping flow to extend the scan-diagnosis method 

provides two primary benefits: cycle time reduction and increased debug confidence. 

Each step of the flow provides significant benefits [15]. Step one of the logic mapping 

flow provides significant analysis time reduction over manual coordinate extraction, 

although this benefit is reduced if hand editing is required. A fully automated translation 

process should cut the analysis time to seconds per unit, and reduce the possibility of 
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analysis error during the translation process. Additionally, because the extraction resuhs 

in individual defect coordinates instead of a larger area; the physical failure analysis area 

is reduced, resulting in reduced analysis time. 

Step two increases the confidence in the diagnosis resuhs in two ways. 

Confirming that a defect matches the electrical fail information without destmctive 

analysis provides a greater confidence in the scan diagnosis results before the part is 

destroyed through PFA. Additionally, when a detected defect is confirmed through 

physical failure analysis, the knowledge that the defect was present before FA guarantees 

that the defect was not created as an artifact during analysis. 

In addition to these primary benefits, several other types of data can come from 

analysis of logic mapping results. As more units are analyzed using logic mapping, it 

becomes possible to determine trends as to what type of defects are causing the most 

failures, which allows for better tuning of the inline inspection "recipe." Additionally the 

same data can be used to determine where improvements in the fabrication might have 

the most impact on logic yield, which allows resources to be focused on the items that 

will provide the most benefit. 
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CHAPTER IV 

EXPERIMENTAL PROCEDURE 

4.1 Experimental Conditions 

For this paper, logic mapping was implemented on the UltraSPARCTM-HI 

microprocessor, a high performance microprocessor with its over 20 million transistors 

divided almost equally between memory and logic circuits. The full-scan design has over 

75000 scan flops, divided into six scan chains. The chains are controllable through either 

the IEEE 1149.1 TAP controller or a pin based scan-enable mode [16]. 

The UltraSPARC-Ill was chosen as the test vehicle for this project for several 

reasons. First, it is a complex device that was in the early phases of silicon debug when 

the study began. The logic mapping implementation was seen as a potential source of 

useful debug information, which could be used to decrease the overall debug time and 

reduce time to volume production. Additionally, it was desirable to develop the flow on 

a product at the beginning of its lifetime, since more design and test resources are 

available than for a part that is in stable production. 

Unfortunately, there were also significant drawbacks to choosing an immature test 

device. The fact that the device is still in development adds resources to the project, but 

also exposes the project to the inherent instabilities of a new product, including rapid 

product revisions and yield loss. Additionally, the cost of such a complex device played 

too different roles: the high-cost package required for such a high-power device limited 

the number of known bad units which could be built up for use in the experiment. 
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The sample population for this experiment was made up of logic failures from a 

single wafer of units that was inspected at all the critical layers. The units were screened 

through the standard production multiprobe test, and any units that failed functional 

patterns were separated and packaged. The devices were tested again after being 

packaged, and units that passed scan-integrity but failed ATPG were selected for the 

logic mapping implementation. While a single wafer of units does not provide a large 

enough sample population to perform extensive statistical analysis, the tools and 

procedures to implement logic mapping for the UltraSPARC-Ill were developed from 

these units. 

4.2 The Basic Scan Test and Diagnosis Procedure 

Each device in the sample population was tested on the production tester, the 

Teradyne J973'^'^. For the data collection, a custom test flow was designed which tests 

continuity and scan-integrity, then applies the ATPG pattems and logs all failures. For 

each failure the pattem number, scan-chain, and flop number (i.e., position in the scan 

chain) are logged. This information is recorded in the tester datalog format, which is a 

text format that includes this information along with other types of test data. 

Because of the complexity and size of the ATPG pattem set, the pattems are 

broken up into several suites. This complicates the data logging process, since each 

pattem set must be applied and the results logged separately. The tester creates multiple 

output files for each test unit, one for each pattem set. A peri script is used to translate 

from the tester output format to the input format required for FastScan^M, the scan 
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diagnosis tool used for this experiment. The peri script also creates the batch file that is 

used to run the diagnosis tool in non-interactive mode. This portion of the electrical 

failure analysis is diagramed in Figure 4.1. 

fDevice fails ATPG J 

fGatherfaildataJ 

f Translate format j * -

script 

Design database ATPG patterns 

H Run simulation H—' 

[ Obtain diagnosis 1 

Figure 4.1. Diagram of the basic scan diagnosis flow [17]. 

The simulation outputs the diagnosis results as a set of net names in which a 

defect could be causing the failures observed. Figure 4.2 shows a partial output from the 

diagnosis tool. The type category indicates whether the suggested defect indicates a 

stuck-at-one defect or (in this case) a stuck-at-zero defect. The code DS represents 

"detected by simulation" while EQ represents a signal that is "equivalent" to the previous 

listed defect. (In this example the input and output sides of a simple buffer are 

equivalent.) The pin pathname is the hierarchical net name of the suggested fault. 
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fault candidates for defect 1 

type code pin_pathname 

0 D3 /h31_42/buf_43/U$l/OUT (BUF) 
a EQ /h31_42/buf_43/U$l/lN (BUF) 

Figure 4.1. A partial sample of scan diagnosis output. 

4.3 Logic Mapping Step One: Coordinate Extraction 

In order for this information to be useful for overlay or physical failure analysis, it 

must be translated into physical coordinates. For this experiment, the translation is 

performed using a commercial layout navigation tool. This tool was designed to perform 

translation from an input format very similar to the scan diagnosis output. Assuming the 

scan diagnosis and layout netlists match, the only additional formatting required is 

addition of die information (i.e., wafer number and position) to the beginning of the file. 

Unfortunately, this assumption is not valid for the UltraSPARC-Ill, as there are 

significant differences between the scan netlist and the physical layout database netlist. 

The two netlists differ in hierarchy, naming convention, and in the modeling of custom 

cells. This requires significant hand editing to be performed by the analyst to interpret 

the diagnosis net names into those used by the database tool. Miscorrelations reduce 

significantly the time advantages of using the automated translation flow, and can add 

uncertainty, as it is not always clear exactiy which nets correspond. The difficulties 

encountered because of these discrepancies will be discussed in more detail with the 

individual unit results in the next chapter. 
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Once the net names are hand edited to match and the coordinate translation is 

performed, the output from the database tool is stored in KLA^M format (a standard 

format for the storage of inline inspection data). Figure 4.2 shows the results of this 

translation for an example unit. The netiist names from the diagnosis tool were translated 

into physical coordinates, and then loaded from the KLA file by the layout-viewing tool. 

Figure 4.2. Example electrical defect data displayed in a layout navigation tool. 

4.4 Logic Mapping Step Two: Physical Defect Overlay 

As the tool performs the translation on die from the same wafer, the tool 

combines the individual die data into a wafer level map of electrical defect information. 

Figure 4.3 shows a small section of the combined, wafer level, electrical defect 

information. In the figure, the blank unit represents a unit that was not part of the sample 

population (i.e., a good or non-ATPG failing unit). 
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Figure 4.3. A section of the combined wafer-level electrical defect data. 

Since the output from the physical coordinate translation process is in KLA 

format, it makes sense to perform the actual overlay using the same tool used for 

reviewing inspection data. For this implementation, the overlay process is performed 

using the Gonzo/ESDA'^'^ (Enhanced Software Defect Analysis) tool, which is an 

internally developed piece of defect viewing software. This tool can be used to load 

defect data from a file (used for loading the electrical information) or from the inspection 

database (for the inline inspection data). The overlay tool allows the user to select 

several parameters for the overlay, including maximum separation distance and whether 

to consider inter-level defects. For this experiment, the match process was performed 

with several different matching criteria, with results described in Chapter V. 

Once the parameters used to define a hit are defined, the actual overlay process 

involves simply loading the electrical defect information (wafer-level), importing the 
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inline inspection data from the inspection database, and then starting the match tool. The 

actual defect match takes less than 5 seconds to run, and generates a summary graph of 

the results as well as a wafer KLA file including only "hits". A partial sample of this 

output file (the same four die as Figure 4.3) is shown in Figure 4.4. 

Figure 4.4. Partial wafer view after defect matching, 
showing matching electrical and phyiscal defect data. 

Once the electrical failure analysis was completed, a subset of the units was 

submitted to physical failure analysis, including both hit and miss units. In all cases, the 

coordinates provided to the failure analysis for inspection included all of the electrical 

traces. This eliminated the chance of biasing the physical analysis toward the logic 

mapping detected defects. The results of both electrical and physical failure analysis are 

discussed in detail in the next chapter. 
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CHAPTER V 

ANALYSIS RESULTS 

5.1 Population Electrical Failure Analysis Results 

This chapter will consider the resuhs of applying the logic mapping flow to the 

selected experimental population. As described in chapter four, the population was 

comprised of logic failures from a single wafer. Each of the units was tested and 

diagnosed as shown in Figure 4.1, with an average diagnosis time of 3-5 minutes per 

device. 

Approximately 85% of the units were successftilly diagnosed by the scan 

diagnosis tool, which allows them to proceed with the logic mapping flow. The 

coordinate extraction was performed successfully on all of the diagnosed units, although 

the hand-editing step compensating for netlist differences added significantly to the 

translation time. The time for the editing ranged from a few minutes for units with 

limited editing required to over two hours in the case of several complex diagnoses. 

Once the editing was complete, the automated portion of the coordinate extraction was 

performed, with an average translation time of 32 seconds/unit. 

Finally, the overlay was performed with several different values of the match 

criteria. The maximum distance parameter defines the maximum radial distance allowed 

between an electrical and physical defect in order to be classed as a hit. The hit rate 

(units with hits/units with electrical defect data) ranged from -20% at the smallest value 
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to -50% at the largest. The hit rates measured with the varying parameters are graphed in 

Figure 5.1. 
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Figure 5.1. Plot of hit rate versus match distance parameter. 

For the results described in the next section, the maximum distance parameter was set to 

30, which resulted in a hit rate of approximately 45 percent. Future experimentation on a 

larger sample of units will be needed to determine the ideal parameter value for the final 

implementation. 

5.2 Individual Unit Diagnosis and Failure Analysis Results 

The first unit to be discussed had a failing signature had a simple fail signature: a 

single scan flip-flop failed approximately 25% of the ATPG pattems. The scan diagnosis 

tool returned a single possible defect, a stuck-at-0 defect on one input of a 2-to-l 

multiplexor that feeds directly to the scan flop. Since the list of suggested nets was so 
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simple, the manual editing required to match the layout netiist took less than five 

mmutes, and the device was submitted for coordinate translation. The single trace 

translated to a small straight metal trace in the Metal 4 layer, with interconnecting vias. 

Defect matching was performed with the inline inspection data, and a defect was detected 

in Metal 4 near the suspected failing net. Figure 5.2 shows the results of the defect 

matching. 

Figure 5.2. Partial view of the defect matching 
results for unit 1, showing the trace and defect. 

The coordinates of the complete trace were submitted to physical failure analysis 

for deprocessing. A defect was discovered at the location suggested by the overlay 

process, and was classified as a blocked-etch defect that shorted the signal to an adjacent 

ground line. This confirmed the scan-diagnosis of a stuck-at-0 fault, and verified that the 

hit found by the logic mapping process was in fact the killer defect. A high resolution 

SEM image of the defect is shown in Figure 5.3. 
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Figure 5.3. High resolution SEM image of the failure mechanism for unit 1. 

The second unit had a failing signature with two scan flops failing approximately 

50% of the pattems each. Based on this signature, the scan-diagnosis tool suggested a set 

of nets that fed into the two failing flops. This included one detected stuck-at-0 fault, and 

five equivalent possibilities. After hand editing, the coordinates were extracted (the fail 

data shown in Figure 4.2 is from this unit), and the results run through the overlay 

process. The logic mapping overlay detected a hit along a portion of the trace in Metal 4. 

This detected hit is shown in Figure 5.4. 
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Figure 5.4. The electrical and physical defect overlay for unit 2. 

The physical failure analysis detected a blocked-etch defect shorting the signal 

line to a nearby ground line. This again confirmed the scan-diagnosis result and verified 

that the hit detected by the overlay was the failure mechanism. A SEM image of this 

defect is shown in Figure 5.5. 
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Figure 5.5. A SEM image of the failure mechanism for unit 2. 

The third unit exhibited a much more complicated fail signature. While only 

three scan flops were failing, they did not share a simple logic input. The diagnosis tool 
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suggested the possibility of two distinct defects, with multiple suggested nets for each 

defect. Interestingly, one net actually appeared in both lists, which might suggest that it 

was the most likely candidate. However, even if the diagnosis was correct approximately 

one third of the failing pattems would still not be explained. Although this did not lead to 

confidence in the diagnosis, all the possible nets were translated into physical 

coordinates, and run through the defect-matching step. The result of this match was a 

single hit, which is shown in Figure 5.6. 

Figure 5.6. Electrical and physical defect match for unit 3, which remained unresolved. 

Unlike the two previous units, this match was actually an inter-level hit, with the 

metal trace being in Metal 4 and the defect first observed in Metal 5. The defect actually 

hit the portion of the total trace that corresponded to the common net, which does mean 

that the single defect could in fact be the failure mechanism. When the unit was 

submitted for physical analysis, however, the defect could not be confirmed. A defect 

was found in another location near the suggested electrical trace, but because the defect 

30 



would actually have been affecting a different logic block, the defect was not considered 

the failure mechanism, and the device failure remained unresolved. 

The results of physical failure analysis confirmed that the logic mapping process 

successfully detected the killing defect in both of the units for which the initial scan-

diagnosis confidence was high. For the third unit the defect could not be verified, 

although this is not surprising since confidence in the initial scan diagnosis was 

extremely low. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusion 

This experiment showed the implementation of the logic mapping methodology 

on a highly complex, high power microprocessor. Despite the difficulties described 

above, this experiment validated the logic mapping methodology and the tools used to 

implement it. The results of physical failure analysis confirmed that the logic mapping 

process successfully detected the killing defect in both of the units for which the initial 

scan-diagnosis confidence was high. 

The final goal of automation cannot be completed at this time because of the 

manual editing process, however the tools required to implement the automation have 

been developed. The testing, diagnosis, coordinate extraction, and overlay processes 

have all been validated by this experiment. Additionally, it has been shown that logic 

mapping can be a useful debug technique despite obstacles arising from the additional 

complexity of the UltraSPARC-Ill, including multiple ATPG pattem sets. 

6.2 Limitations and Future Work 

In addition to the general limitations of the logic mapping methodology described 

in chapter three, the primary limitation in this implementation is the requirement of hand 

editing to account for the differences between the diagnosis and layout netlists. This 

limitation reduces the time savings available, and adds a potential source of error. The 
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hand editing requirement adds a third step to the logic mapping, and eliminates the 

possibility of totally automating the process. 

If the manual editing step was not required, the total diagnosis time per unit 

would have been approximately 6.5 minutes/unit: 5 minutes for scan-diagnosis, 30 

seconds for coordinate extraction, and 1 minute for the defect overlay. With the manual 

editing required for this implementation, the average diagnosis time was closer to 2.5 

hours per unit. Obviously, this is a major limitation, and prevents the logic mapping flow 

from being implemented on a wide scale until this problem is resolved. It is particularly 

important that future devices consider this a requirement from the beginning of their 

development. 

Another limitation is the extreme limitation on scope of the experiment in this 

implementation. Although this implementation focused on scan diagnosis, it should be 

possible to perform the logic mapping flow on any list of potential electrical fails. This 

provides a significant source of future work possibilities, as the techniques are extended 

for use with scan-integrity, ftinctional, and parametric fails. 
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APPENDIX 

LIST OF TRADEMARKS 

UltraSPARC '̂̂  is a registered trademark of Sun Microsystems, Inc. 

J973TM is a registered trademark of Teradyne, Inc. 

FastScan'̂ '̂  is a registered trademark of Mentor Graphics, Inc. 

KLA"̂ ^ is a trademark of KLA/Tencor Corporation. 

Gonzo/ESDA"^^ is a trademark of Texas Instruments, Inc. 
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