
EXPOSURE OF SOFT DEFECTS IN INTEGRATED 

CIRCUITS USING TAGUCHI METHODS 

by 

CHRISTOPHER M. TOWLE, B.S.E.E. 

A THESIS 

IN 

ELECTRICAL ENGINEERING 

Submitted to the Graduate Faculty 

of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

ELECTRICAL ENGINEERING 

Approved 



"^^ ..̂ ,̂  ACKNOWLEDGEMENTS ;^-i7 .̂ 

Special recognition needs to be addressed for those individuals who aided in the 

criterion and evolution of the research and development for the techniques discussed in 

this report. My family has been more than supportive throughout my academic career, 

putting up with probably more than their share. I do truly appreciate all of the guidance 

and support everyone has given during this journey. 

Recognition needs to also be given to my academic advisor for all of the help and 

guidance received throughout the duration of this project. It is this group of people that 

have made all of this possible. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 
ABSTRACT iv 
LIST OF TABLES v 
LIST OF FIGURES vi 
CHAPTER I INTRODUCTION 1 

Outline of Thesis 2 
II EXPERIMENTAL DESIGN USING TAGUCI METHODS 4 

Loss Function 7 
Derivation of the Loss Function 9 
Average Loss Function for Product Population 13 
Cost of Variation 14 
Classification of Factors and Choice of Quality Characteristics 16 
Control Factors 17 
Noise Factors 19 

Experiment Design Strategy 19 
Orthogonal Arrays 21 

Linear Graphs 23 
Analysis of Results 25 

Analysis of Variance 26 
TotalNumber of Trials 28 
Degrees of Freedom (DOF) 28 
Sum of Squares 29 
Variance Ratio 31 
Pure Sum of Squares 31 
Percent Contribution 32 

Designing the Experiment 32 
III EXPOSURE OF SOFT DEFECTS USING TACUCHI METHODS 33 

The Experiment 36 
Orthogonal Array Setup 38 

Complete Effects Table 38 
Main Effects and Interaction Effects 39 

The Temperature x Voltage Interaction Plot 40 
The Temperature x Time Interaction Plot 41 
The Voltage x Time Interaction Plot 43 

ANOVA Calculations 44 
F Test Rules for Interpretation 46 
Results 47 

IV CONCLUSIONS AND FUTURE DIRECTIONS 49 
REFERENCES 51 

111 



ABSTRACT 

The work of Taguchi for determining the optimal settings of controllable factors 

through off-line experiments focuses on products with a single quality characteristic or 

response. However, most products have several quality characteristics or responses of 

interest. Taguchi's technique in itself optimizes a single response or performance 

characteristic yielding a set of process parameters. This particular setting may not give 

desired results for other characteristics of the product. In such cases, a need arises to 

obtain a single setting (optimal setting) of the process parameters, which can be used to 

produce the products with optimum or near optimum quality characteristics as a whole. 

Multi-characteristic response optimization may be the solution of the above problem. In 

the present paper a case study on frequency shift in a microprocessor is investigated 

utilizing a simplified multi-criterion methodology based on Taguchi's approach and 

utility concept, is discussed. 
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CHAPTER I 

INTRODUCTION 

The main parameters of modem electronic devices have been power consumption, 

supply voltage, and device speed. In high performance microprocessors device speed, 

much like horsepower in engines, has been a driving factor in the development of faster, 

more powerful microprocessors. 

A number of statistical methods have been developed to investigate the 

semiconductor fabrication process. All of these methods were attempted with one goal in 

mind, to improve yield. Higher yield equates to a higher profit per device, which is the 

ultimate goal of the semiconductor industry in a business sense. An ultimate measure of 

device quality is taken at final test, this is when the device is tested at full speed and 

sorted according to the results. Obviously the case here is 'bigger is better' as the 

megahertz race in high performance microprocessors drives the industry. 

Consistent quality is something that a semiconductor manufacturer must achieve 

in order maintain a loyal customer base and stay competitive in today's marketplace. 

When a product is produced on a mass scale, such as a microprocessor, manufacturing 

defects can kill product quality and reliability. If a product does show evidence of a 

manufacturing defect that inhibits product reliability and performance, measures must be 

taken to ensure that these problematic components do not reach the customer. The 

ultimate solution is to 'design in' a solution that eliminates the problem. This route takes 

time and does not give instant results. In the case of semiconductor fabrication, this 

solution could take several months to show evidence of success or failure. In the mean 



time, a temporary solution must be implemented in order to continue shipping product to 

the customer. 

The goal of this thesis is to illustrate that an effective system can be implemented 

to screen out integrated circuits that have soft defects. The tool used to define this system 

is known as the Taguchi method of experimental design. A soft defect is defined as a 

part that is fully functional, but shows some intermittent defects that inhibit device 

performance. In this instance, a soft defect is a part that exhibits frequency shift at final 

speed sort; this drift may be in either the negative or positive direction. 

Outline of Thesis 

Chapter II gives some insight into the development of the Taguchi method. 

Derivations of some key parameters that are the building blocks of this method are 

examined in detail. The advantages over a full- factorial experiment are discussed along 

with the methodology of the Taguchi Method. 

The specific methods of experimental design that are used in this situation are 

discussed in Chapter III. This will give insight in to what is trying to be accomplished in 

this experiment. Experiment setup, execution and analysis are presented in this chapter 

as well. 

The analysis of the experiment is examined in Chapter IV. This chapter discusses 

the results obtained from the study and their significance to the development of exposing 

soft defects. 



Conclusions that are drawn from Chapter IV are given in Chapter V. This chapter 

gives possible explanations for the results obtained. A discussion of the possibility of 

improvements for this method concludes Chapter V. 



CHAPTER II 

EXPERIMENTAL DESIGN USING TAGUCI METHODS 

Taguchi espoused an excellent philosophy for quality control in manufacturing 

industries. His philosophy has far reaching consequences, yet it is founded on three 

very simple and fundamental concepts. The whole of the technology and techniques arise 

out these three ideas. The concepts are: 

1. Quality should be designed into the product and not inspected into it. 

2. Quality is best achieved by minimizing the deviation from a target. The product 

should be so designed that it is immune to uncontrollable environmental factors. 

3. The cost of quality should be measured as a function of deviation from the 

standard and the losses should be measured system wide. 

Taguchi built upon W.E. Deming's observation that 85% of poor quality is 

attributable to the manufacturing process and only 15% to the worker [1]. Therefore he 

developed manufacturing systems that were robust or insensitive to daily and seasonal 

variations of environment, machine wear, and other external factors. These three 

principles were his guides in developing these systems, testing the factors affecting 

quality production and specifying product parameters. 

The first belief of Taguchi was that the best way to improve quality was to design 

and build it into the product. Quality improvement starts at the very beginning, during 

the design stages of a product or process and continues throughout the production phase. 

It was proposed that an 'off-line' strategy for developing quality improvement be used in 

place of an attempt to inspect quality into a product on the production line. Poor quality 



cannot be improved by the process of inspection, screening and salvaging. No amount of 

inspection can put quality back into a product. This merely treats a symptom. Therefore, 

quality concepts should be based on, and developed around the philosophy of prevention. 

The product design must be so robust that it is immune to the influence of uncontrolled 

environmental factors on the manufacturing process. 

The second concept deals with actual methods affecting quality. It contends that 

quality is directly related to deviation of a design parameter from the target value, not to 

conformance to some fixed specifications. A product may be produced with properties 

skewed towards one end of an acceptance range yet show shorter life expectancy. 

However, by specifying a target value for the critical property and developing 

manufacturing processes to meet the target value with little deviation, the life expectancy 

may be much improved. 

The third concept calls for measuring deviations from a given design parameter in 

terms of the overall life cycle costs of the product. These costs would include the cost of 

scrap, rework, inspection, returns, warranty service calls and product replacement. These 

costs provide guidance regarding the major parameters to be controlled. 

Quality improvements should be considered as an ongoing effort, one should 

continually strive to reduce variation around the target value. A product under 

investigation may exhibit a distribution that has a mean value different from the target 

value. The first step towards improving quality is to achieve the population distribution 

as close to the target value as possible. To accomplish this, Taguchi designed 



experiments using especially constructed tables known as orthogonal arrays (OA). The 

use of these tables makes the design of experiments very easy and consistent. 

A second objective of manufacturing products to conform to ideal values is to 

reduce the variation or scatter around the target. To accomplish this, Taguchi 

incorporates a unique way to treat noise factors. Noise factors, under Taguchi 

terminology, are factors which influence the response of a process, but cannot be 

economically controlled. The noise factors such as process variation, machinery wear are 

usually the prime sources for variations. Through the use of 'outer arrays', Taguchi 

devised an effective way to study their influence with the least number of repetitions. 

The end result is a robust design affected minimally by noise, with a high signal to noise 

value. To achieve desirable product quality by design, Taguchi recommends a three-

stage process: 

1. Systems Design, 

2. Parameter Design, 

3. Tolerance Design. 

The focus of the system design phase is on determining the suitable working levels of 

the design factors. It includes designing and testing a system based on the engineer's 

judgment of selected materials, parts and nominal product/ process parameters. 

While system design helps to identify the working levels of the design factors, 

parameter design seeks to determine the factor levels that produce the best performance 

of the product/ process under study. The optimum condition is selected so that the 

influence of the uncontrolled factors (noise factors) causes minimum variation of system 



performance. Tolerance design is a step used to fine tune the results of parameter design 

by tightening the tolerance of factors with significant influence on the product. 

Loss Function 

The concept of the 'total loss function' employed by Taguchi has forced engineers 

and cost accountants to take a serious look at the quality control practices of the past. 

The concept is simple but effective. Quality is defined as 'the total loss imparted to the 

society from the time a product is shipped to the customer'[9]. The loss is measured in 

monetary terms and includes all costs in excess of the cost of a perfect product. The 

definition can be expanded to include the development and manufacturing phases of a 

product. 

A poorly conceived and designed product begins to impart losses to society from 

the embryonic stage and continues to do so until steps are taken to improve its functional 

performance. There are two major categories of loss to society with respect to product 

quality. The first category relates to the loss incurred as a result of harmful effects to 

society, i.e., pollution, and the second relates to the losses arising because of excess 

variation due to functional performance. In this paper, the total loss function refers to the 

second category. 

The conventional method of computing the cost of quality is based on the number 

of parts rejected and reworked. This method of quality is incapable of distinguishing 

between two samples, both within the specification limits, but with different distributions 

of the target properties. Figure 2. 1 shows the conventional method and Taguchi's view 



of the loss function. This graph depicts the loss function as a deviation from an ideal or 

target value of a given design parameter. 

Taguchi and Conventional Loss Functions 

Old School (No Loss Range) 

Conventional Loss Fmiction 

1 on V, Taguchi Loss Function 

0% 

LAL Taiget Value UAL 

Figure 2 . 1 - Taguchi Loss Function vs. Conventional Loss Function 

Here the target value or the most desirable value of the parameter under consideration. 

This parameter may be a critical dimension or any characteristic that contributes to the 

customer's definition of quality. How this ideal value of the parameter is obtained and 

how significant this value is in achieving quality goals will be evident later. 

The Upper Allowable Limit (UAL) and the Lower Allowable Limit (LAL) 

represent upper and lower limits of a design parameter, respectively. Normally the 

product is functionally acceptable if the value of the specified parameter is within the 

range between the UAL and LAL limits. No societal loss is assumed to occur and the 

product is shipped to the customer. Outside of these limits as shown by the cross-hatched 

region, 100% functional deterioration occurs and the product is either discarded or 
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subjected to salvage operations. Every attempt is made to control the manufacturing 

process to maintain the product within these limits. According to Taguchi, there is no 

sharp cutoff in the real world [8]. Performance begins to gradually deteriorate as the 

design parameter deviates from its optimum value. Therefore, the loss function should be 

measured by the deviation from the ideal value. This function is continuous and shown 

by the dotted line in Figure 2. 1. Product performance begins to suffer when the design 

parameters deviate from the ideal or the target value. Taguchi's definition clearly puts 

more emphasis on customer satisfaction, whereas previously all definitions were related 

to the producer. Optimum customer satisfaction can be achieved by developing products 

which meet the target value on a consistent basis. It may be worthwhile to mention that 

Taguchi allows for more than 100% loss imparted by a product. Such cases can occur 

when a subsystem results in the failure of the entire system or when a system fails 

catastrophically. The single most important aspect of Taguchi's quality control 

philosophy is the minimization of variation around the target value. 

Derivation of the Loss Function 

A poorly designed product causes society to incur losses from the initial design 

stage through product usage. Emphasis should be placed on good quality at the 

conceptual stage of a product and onward, by optimization of the product design 

parameters as well as the production conditions. This is done to create a robust product. 

A question commonly asked is how much effort should an organization expend on 

quality? How can the point of diminishing returns be determined? In this section the 

basic mathematical formulation of Taguchi's loss function is developed and an outline of 



the steps utilized to apply the loss function is presented. The loss function is a powerful 

tool for determining the magnitude of the process and supplier tolerances, basing this 

upon the definition of quality as perceived by the customer. 

Taguchi defined the loss function as a quantity proportional to the deviation from 

the target value characteristic [6]. At zero deviation, the performance is on target, and the 

loss is zero. If Y represents the deviation form the target value, then the loss function 

L(Y) is: 

where the above terms are defined as: 

Y = the quality characteristic, such as a dimension, performance, etc. 

Fo= the target value for the quality characteristic. 

A: = A constant which is dependent upon the cost structure of a manufacturing process or 

an organization. 

The Term (Y- YQ) represents the deviation of the quality characteristic 7 from the 

target value YQ. The equation for the loss function is of second order in terms of 

deviation of the quality characteristic. The loss function is represented in Figure 2. 2; it 

possesses the following characteristics: 

1. The loss must be zero when the quality characteristic of a product meets its target 

value. 

2. The magnitude of the loss increases rapidly as the quality characteristic deviates 

from the target value. 

3. The loss function must be a continuous (second order) function of the deviation 

from the target value. 
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Figure 2. 2 - Taguchi Loss Function 

Taguchi determined the loss function from a Taylor expansion about the target value YQ 

given by: 

L{Y)^L{Y,)^t{Y,){Y -Y,)^)^^L{y,){y -Y,y (2.2) 

where the terms with powers of (Y- YQ) higher than 2 are ignored as being too small for 

consideration. In Equation 3.2, L(Y) is minimum aXY=Yo so its first derivative L (YQ) is 

zero. By substituting, equation 3.2 can be rewritten as 

L(Y) = LiY,) + ^^L\Y,)iY-YJ (2.3) 

The expression 

.2 ! J 
L{Y,) (2.4) 
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in Equation 2.3 is a constant and can be replaced by a constant k. Also if YQ is the mean 

value of the product/ process, then Equation 2.5 is interpreted as the loss about the 

product/ process mean plus the loss due to displacement of the process mean from the 

target. If the process mean coincides with the target, the loss term LfYo) is zero and the 

loss function reduces to 

L{Y) = k(Y-YJ (2.5) 

The magnitude of the loss incurred because of the inability to meet the target value of a 

quality characteristic, as calculated using Equation 2.1, is dependent on the target value, 

the manufacturing process, the cost of rework, scrap and warranty. For a given value of 

YQ, the value of A: varies with the process and the organization. An organization 

committed to achieving higher standards of quality in an optimum manner will develop 

families of loss curves for each process. One family of curves is shown in Figure 2. 3. 
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Figure 2 . 3 - Different Taguchi Loss Functions 

Any mass produced product exhibits variation in its quality characteristic. As long as the 

variation is small, the quality of the product is acceptable to the customer. Customer 
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acceptance determines the range of variation. If the perceived quality falls outside the 

range, the customer will not accept the product, and corrective actions at the design or 

process level are required. 

If an acceptable tolerance is defined as ± A, then the quality characteristic at the 

extremes can be denoted as 

7o+A and Y^-^. (2.6) 

Poor quality exceeding the extremes necessitates corrective action, such as a warranty 

cost of Z/o- If ̂ 0 is the loss at 7= YQ + A, then from Equation 2.1, 

L,=k{Y,+^-Y,f or k = ^ . (2.7) 
A 

Equation 2.1 for this case becomes: 

L{Y) = ^{Y-Y,f. (2.8) 

The above equation now completely defines the loss function in terms of the deviation 

from the target value. 

Average Loss Function for Product Population 

The loss function given in Equation 2.1 represents the financial loss experienced 

by a single product when the quality characteristic, Y, of the product deviates from the 

target value YQ. In a mass production process, the average loss per unit is expressed by: 

L{Y) = -[iY,-Y,y +{Y,-Y,f +(Y,-Y,f +... + (Y„-Y,n (2.9) 
n 

13 



The expression within the brackets is the mean squared deviation (MSD), the average of 

the squares of all deviations from the target value, YQ, SO the average loss per unit can 

now be expressed by: 

L(Y) = k{MSD). (2.10) 

The loss fimction concept has two practical applications. The primary application 

is for estimating the potential cost savings resulting from the improvements achieved by 

opfimizing a product or a process design. The loss function can serve regardless of the 

method of the quality improvement. As long as variation is reduced by corrective actions 

or design improvements, the loss function presents a means for estimating the savings in 

terms of dollars. The second application is to determine manufacturer and supplier 

tolerances based on the customer's perception of the quality range. 

Cost of Variation 

Early in his research, Taguchi observed that variation is common to all 

manufacturing processes and that variation is the primary cause for rejection of parts [5]. 

Parts were rejected upon inspection when they did not conform to a predefined 

specification. Rejection increases the cost of production. Often 100% inspection is 

excessively costly or impractical. In this scenario, a defective part may reach a customer 

and lead to warranty costs and customer dissatisfaction. Taguchi held that variation is 

costly even beyond the immediate factory production cost and that excessive loss is 

reduction of variation. With this, he recommended that effort should be directed toward 

zero variation with less emphasis placed on production within fixed tolerance limits [5]. 

14 



Taguchi views variation as a lack of consistency in the product giving rise to poor 

quality[8]. With this view, Taguchi developed methodologies aimed at reducing both 

elements of variation, deviation from the target and variation with respect to others in the 

group. In Figure 2. 4, a typical quality measure of a product is compared to the desired 

state. 
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Figure 2. 4 - Different Taguchi Distributions 

In Figure 2. 4, the product mean value is off target and that the variation around 

the mean is large though within upper and lower acceptance limits. A much narrower 

distribution is desired with more frequent achievement of the target value and smaller 

variation around the target value. 

The quahty of a product or a process may be difficult to define in quantitative 

terms. Quality is what the customers perceive it to be, so quality varies from product to 

product and from customer to customer. The criteria customers use to judge the quality 
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of a product are related to the satisfaction derived from the product and are numerous and 

often difficult to quantify. Lack of product consistency is a major factor in the perception 

of poor quality. Consistency (reduced level of variation) favorably affects most common 

elements of quality. The Taguchi approach for reducing variation in performance is 

approached in a two-step process: 

1. Make the product/process perform in the best manner most of the time (less 

deviation form the target). 

2. Making the design insensitive to the influence of uncontrollable factors 

(robustness). 

When a product is optimum, it performs the best under the available operating conditions. 

Depending upon the specified performance, the optimum will imply that the product has 

achieved the most, the least of the target value of the quality measure. Optimizing the 

design of a product means determining the right combination of elements so that the best 

results are obtained. 

Classification of Factors and Choice of Quality Characteristics 

For manufacturing process optimization problems, the following factors are of 

interest to experimenters: 

• Control Factors 

• Noise Factors 

• Signal Factors 

A block diagram is shown in Figure 2. 5 that depicts those factors that influence the 

response (quality characteristic) of a product or process. In the block diagram y stands 

for the response. This diagram represents the case for only a single response, but the 
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extension to multiple responses is straightforward. The output, y, can be described in 

terms of these inputs. 

M 
Signal Factors 

z 
Noise Factors 

Product/Process 

Control Factors 

y 

Rsspcm 

Figure 2. 5 - Response from Factor Influence 

Control Factors 

Control factors are those factors that can be controlled easily during actual 

production conditions. For example, voltage, temperature and time are control factors; 

these are also called design parameters. It is the objective of the design activity to 

determine the best levels of these factors to achieve product/ process robustness. In this 

sense robustness refers to making products/ processes insensitive to various sources of 

variation. 

Although control factors are studied to establish their ideal values to accomplish 

the objective of the experiment, it is useful to classify the effects of control factors on the 

quality characteristic. Several types of control factors are shown in Figure 2.6. 
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Figure 2 . 6 - Control Factor Interactions 

• Control factors affecting the mean quality characteristic only - this is called an 

adjustment factor. This type of factor is used to bring (or adjust) the mean 

response or a product/ process onto the target value. 

• Control factors affecting the variability on response only - this factor affects the 

variability in response but not the mean response can be used to the variation of a 

product or process. 

• Control factors affecting the mean response and response variability - this type of 

factor must be tweaked very carefully. This type of factor allows some flexibility 

in balancing target requirements. 

• Control factors affecting neither the mean response nor the response variability -

this is not a completely useless factor, the choice of level of such factors 

depending advantageously in various constraints such as cost, convenience, etc. 

In practical applications, it is not often that a factor influences the mean response only 

or the response variability only. Generally speaking it is a factor that influences the mean 

response in conjunction with the response variability. 
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Noise Factors 

Noise factors are those factors that difficult to control during actual production 

but may be controllable during experimental design. These factors cause the 

performance characteristic of a product to deviate from its target or nominal value. The 

levels of the noise factors change from one unit to another, from one environmental 

condition to another and from time to time. Only the statistical characteristics such as the 

mean and variance of noise factors can be known or specified, the actual values in 

situations cannot be known. 

Experiment Design Strategv 

To determine the relationship between the output, y, and the signal, control and 

noise factors normally requires experimentation. In laying out a test and development 

strategy, simple logic will usually be sufficient to establish all possible combinations of 

factors along with allowable ranges for each of the factors involved. For engineering 

projects involving many factors, the number of possible combinations is prohibitively 

large. In addition, higher order interactions among the influencing factors may be needed 

for specific projects. 

For a single two-level factor A, two experiments are required to study the effects, 

Ai and A2, then two experiments become necessary, one at level Ai and one at level A2. 

For two factors A and B, each at two levels (Ai, A2 and Bi, B2), there are 4 combinations, 

since when A is held at Ai, B can assume Bi and B2 and when A is held at A2, B can 

again assume Bi andB2. Symbolically these combinations are expressed as: 
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A,{B,B^\A^{B,B^)or as A,B,,A,B^,A^B, and A^B^. (2.11) 

With three factors, each at two levels, there are 2̂  (8) possible experiments. If A, B, and 

C corresponds to these factors, the 8 experiments can be expressed as: 

AAC,,A,B,C^M,B^C,M,B^C^,A^B,C„A^B,C,,A^B^C,M2B2C2.{2.\2) 

A full factorial design will identify all possible combinations for a given set of 

factors. Since most experiments in industry involve a significant number of factors, a full 

factorial experiment results in a large number of experiments. For example, in an 

experiment involving seven factors, each at two levels the total number of combinations 

will be 128 (2 ). To reduce the number of experiments to a practical level, only a small 

set from all the possibilities, is selected. A customary method of reducing the number of 

test combinations is to use what are known as partial factorial experiments. [6] Although 

this method is well known, there are no general guidelines for its application or the 

analysis of results by performing the experiments. 

Taguchi constructed a special set of general designs for factorial experiments that 

cover many applications. The special set of general designs consists of orthogonal arrays 

(OA). The use of these arrays helps determine the least number of experiments. 

Taguchi's approach complements these two important areas. First, a clearly defined set 

of OAs, each of which can be used for many experimental situations are stated. Second, 

he devised a standard method for the analysis of results. The combination of standard 

experimental design techniques and analysis methods in the Taguchi approach produces 

consistency and reproducibility rarely found in any other statistical methods. 
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Orthogonal Arrays 

Taguchi constructed a special set of orthogonal arrays (OA) to lay out his 

experiments. The use of Latin square orthogonal arrays for experimental design dates 

back to the time of Worid War n.[10] By combining the orthogonal Latin squares in a 

unique manner, Taguchi prepared a new set of OAs to be used for a number of 

experimental situations. A common OA for 2- level experiment is shown in Table 2.1. 

This array, designated by the symbol Lg, is used to design experiments involving up to 

seven 2 level factors. A two level factor is a factor that has two values. This is a 

parameter that is defined in the experiment, by the experiment designer. Each row 

represents a trial condition with factor levels indicated by the numbers in the row. The 

vertical columns correspond to the factors specified in the study. 

Trial 
1 
2 
3 
4 
5 
6 
7 
8 

Table 2. 1 -

A 

1 
1 
1 
1 
2 
2 
2 
2 

B 

1 
1 
2 
2 
1 
1 
2 
2 

- L8 Orthogonal Array 

C 

1 
1 
2 
2 
2 
2 
1 
1 

D 

1 
2 
1 
2 
1 
2 
1 
2 

E 

1 
2 
1 
2 
2 
1 
2 
1 

F 

1 
2 
2 
1 
1 
2 
2 
1 

G 

1 
2 
2 
1 
2 
1 
1 
2 

Each column contains four level 1 and four level 2 conditions for the factor 

assigned to the column. Two 2 level factors combine in four possible ways such as (1, 1), 

(1, 2), (2, 1) and (2,2). When two columns of an array form these combinations the same 

number of times, the columns are said to be balanced or orthogonal. Any two columns of 
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an Lg (2^) have the same number of combinations of (1,1), (1, 2), (2,1) and (2,2). 

Because of this, all seven columns of an L are orthogonal to each other. 

The OA facilitates a design of experiments process. To design an experiment is 

to select the most suitable orthogonal array, assign the factors to the appropriate columns 

and finally, describe the combinations of the individual experiments, called the trial 

conditions. Assuming that there are at most seven 2 level factors in this study, the 

factors can be denoted as A, B, C, D, E, Fand G and assigned to the columns /, 2, 3, 4, 5, 

6, and 7 respectively of Lg. The table identifies the eight trials needed to complete the 

experiment and the level of each factor for each trial run. Descriptions of the experiment 

are determined by reading numerals 1 and 2 appearing in the rows of the trial runs. A 

factorial experiment would require 2 or 128 runs, but would not provide appreciably 

more information. 

The array forces all experimenters to design almost identical experiments. 

Experimenters may select different designations for the columns but the eight trial runs 

will include all combinations independent of column definition. This feature of the OA 

assures consistency of the experiment regardless of the experimenter. The total number of 

full factorial experiments possible for different numbers of factors at 2 or 3 levels and the 

corresponding suggested Taguchi number of experiments is shown in Table 2.2. 
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Table 2. 2 - Full Factorial DOE versus Taguchi DOE 

Factors 

2 

3 
4 
7 

15 
4 

Levels 

2 
2 
2 

2 

2 
3 

Factorial 
Design 

4(2") 
8(2^) 

16(2'*) 
128(2') 

32,768 (2'^) 
81 (3'') 

Taguchi 

4 
4 

8 
8 
16 
9 

Taguchi has established OAs to describe a large number of experimental 

situations. Experimental designs by OAs are attractive because of experimental 

efficiency, but there are some potential tradeoffs. Generally speaking, OA experiments 

work well when there is minimal interaction among factors. For example, the factor 

influences on the measured quality objectives are independent of each other and are 

linear. [12] When the outcome is directly proportional to the linear combination of 

individual factor effects, OA design identifies the optimum condition and estimates 

performance at this condition accurately. If the factors interact with each other and 

influence the outcome in a nonlinear fashion, there is still a good chance that the 

opfimum condition will be identified accurately, but the estimate of performance at the 

optimum can be significantly off The degree of accuracy in performance estimates will 

depend on the degree of complexity of interactions among all of the factors. 

Linear Graphs 

A linear graph is a graphical tool used by Taguchi to facilitate the assignment of 

factors and their interactions to an orthogonal array. The two important elements of a 
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liner graph are 'dots' and 'lines'. A dot represents a main factor effect and the line 

connecting the dots represents the two dots' interaction between the two corresponding 

factors. In a linear graph each dot and each line has a distinct column number associated 

with it. When two dots are connected by a line, it means that the interaction of the two 

columns represented by the dots is confounded with the column represented by the line. 

The linear graph of the simplest OA is shown in Figure 2. 7. It is possible to 

1 • £ • 2 

Figure 2. 7 - L4 Linear Graph 

study two main factor effects A and B and the interaction between them AxB. 

The linear graphs advocated by Taguchi suffer from the problem that they do not 

provide the complete confounding relationships among the factors or interactions to be 

studied for the experiment. It may not be possible to determine the true effect of a factor 

or its interaction with other factors. One method to do this is to use an interaction table. 

This type of table provides information about the interaction of the various columns of an 

OA. 

Interaction tables are generated directly from the linear algebraic relations that 

were used in creating the orthogonal arrays themselves. The interaction tables show the 

column with which the interaction between every pair of columns is compounded. This 

is shown in Table 2.3. To find which column the interaction between 
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Table 2. 3 - Interaction Table for L8 OA 

1 

(1) 

2 

3 
(2) 

3 

2 
1 

(3) 

4 

5 
6 
7 

(4) 

5 

4 
7 
6 
1 

(5) 

6 

7 
4 
5 
2 
3 

(6) 

7 

6 
5 
4 
3 
2 
1 

(7) 

Columns 4 and 6 will appear, move horizontally across (4) and vertically from (6), and 

the intersection is '2' in the table. From this, it can be concluded that the interactions 

effects between columns 4 and 6 will appear at column 2. 

Analysis of Results 

In the Taguchi method, the results of the experiments are analyzed to achieve one or 

more of the following three objectives: 

1. To establish the best or optimum condition for a product or a process, 

2. To estimate the contribution of individual factors, 

3. To estimate the response under optimum conditions. 

The optimum condition is defined by studying the main effects of each of the factors. 

The main effects indicate the general trend of the influence of the factors. Knowing the 

characteristic, for example, whether higher or lower value produces the preferred results, 

the levels of the factors which are expected to produce the best results can be predicted. 

Knowing the contribution of individual factors is key to deciding the nature of 

control to be established on a production process. The analysis of variance (ANOVA) is 
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a statistical treatment most commonly applied to the results of the experiment to 

determine the percent contribution of each factor. Study of the ANOVA table for a given 

analysis helps to determine which of the factors need control and which do not. Once the 

opfimum condition is determined, it is usually a good practice to run a confirmation 

experiment. It is possible to estimate performance at the optimum condition from the 

resuhs of experiments conducted at non-opfimum conditions. It should be noted that the 

opfimum condition may not necessarily be among the many experiments already carried 

out, as the OA represents only a small fracfion of all the possibilities. 

Taguchi suggests two different routes to carry out the complete analysis. First, 

the standard approach, where the results of a single run, or the average of repetitive runs, 

are processed through main effect and ANOVA analyses for the percent contribution of 

each factor. The second approach, is to use signal to noise ratio (S/N) for the same steps 

in the analysis. S/N analysis determines the most robust set of operafing conditions from 

variations within the results. 

Analysis of Variance 

Taguchi replaces the fiill factorial experiment with a lean, less expensive, faster, 

partial factorial experiment. Taguchi's design for the partial factorial experiment is based 

on specially developed OAs. Since the partial experiment is only a sample of the full 

experiment, the analysis of the partial experiment must include analysis of the confidence 

that can be placed in the results. A standard technique called Analysis of Variance 

(ANOVA) is used to provide a measure of confidence. The technique does not directly 
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analyze the data, but rather determines the variability or variance of the data. Confidence 

is measured from the variance. 

The output from a specific experiment with two factors, for example, can be 

represented as 

where Y is the mean, ai is the effect of factor A, Pj is the effect of factor B and (ap),j is 

the interaction effect of factor A and B. If the experiment is repeated, an additional 

random error term can be included and evaluated using the number of replicates. If there 

are no replicates, the last term is consider the error term instead of the interaction term. 

To determine if these factors do affect the output, the sum of the squared error between 

the individual output and the mean are examined. The squared error in terms of its 

component parts as 

«=1 H 1=1 >=1 1=1 7=1 

where a is the number of values of factor A and b is the number of values of factor B. 

In the analysis of variance many quantifies such as degrees of freedom, sum of 

squares, mean squares, etc. are computed and organized in a standard tabular format. 

These quantities and their interrelationships are defined below and their mathematical 

development is presented. A brief summary of the symbols and terms used is shown in 

Table 2.4. 
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Table 2 . 4 - Quantities used in ANOVA Calculations 
C.F. = Correctjon Factor n = number of trials ^^ """ô l̂ Degrees of freedom 

e = Error (experimental) r = Number of Repetitions ^' " ^^^^ ^^^ °^ Squares 

F = Variance Ratio P = Percent Contribution ^ = ^^^^ squares (variance) 

f =Degrees of Freedom (DOF) T = Total (of results) 

fe=Degrees of freedom of error S = Sum of Squares 

Total Number of Trials 

In an experiment designed to determine the effect of factor A on response Y, the 

factor is said to be tested at L levels. Assume nj repetitions of each trial that includes Ai. 

Similarly at level A2 the trial is to be repeated «2 times, the total nimiber of trials is the 

sum of the number of trials at each level and can be represented by: 

« = 77j +/?2 + ••• + '^i- (2-13) 

Degrees of Freedom (DOF) 

DOF is an important and useful concept that is difficult to define. It is a measure 

of the amount of information that can be uniquely determined from a given set of data. 

DOF for data concerning a factor equals one less than the number of levels. For a factor 

A with four levels, Ai data can be compared with A2, A3, and A4 and not with itself 

Therefore a four level factor has 3 DOF. Similariy and L4 OA with three columns 

representing 2 level factors, has 3 DOF. Figure 2. 8 is an illustration of an L4 OA and its 

DOF. 
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f Number of Experiments = 4 

( DOF due to N, - - ^ ^ ^ _ _ ^ ^ ^ ^ - ^ ' ^ DOF due to ^^ 

( DOF due to ' \ 
'••̂  Factor A - 1 / { DOF *ie t-c 'i 

^---—._ -"""^ \ FactorB=l ) 

Figure 2 . 8 - DOF in L4 Analysis 

The concept of DOF can be extended to the experiment. An experiment with n trials and 

r repetitions has « JC r trial runs. The total DOF becomes: 

fj=nxr-\. (2.14) 

Similarly, the DOF for a sum of squares term is equal to the number of terms used to 

compute to sum of squares and the DOF of the error term^ is given by: 

fe^L-fA-fs-fc. (2.15) 

Sum of Squares 

The sum of squares is a measure of deviation from the experimental data from the 

mean value of the data. The sum of squares of deviations Sj, from the mean is expressed 

as: 

Sr=t,{Y,-YY. (2.16) 
1=1 

This can be related to the sum of squares of deviations from a target value YQ , Se, as: 

ST=Y.(yi-yof-niJ-YoY. (2.17) 
;=1 
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Variance measures the distribution of the data about the mean of the data. Since the data 

is representative of only a part of all possible data, tiie DOF rather than the number of 

observations is used in the calculation. So, 

J. . Sum of Squares rr Sr .̂  .«. 
Variance = ^—^ or V = -^. (2.18) 

Degrees of Freedom f 

When the average sum of squares is calculated about the mean, it is called the general 

variance. The general variance (cr̂ ) is defined as: 

«-it;f 

If m represents the deviation of the mean of Y from the target value YQ, then 

m-( Y- YQ) (2.20) 
Sm = nm^ (2.21) 
Se=ST+ S^ (2.22) 

Therefore the total sum of squares (Se) from the target value YQ is the sum of the variance 

about the mean and the square of the deviation of the mean from the target value 

multiplied by the total number of observations made in the experiment. 

The total sum of squares (Se) gives an estimate of the sum of the variations of the 

individual observations about the mean of Y of the experimental data and the variation of 

the mean about the target YQ. This information is valuable for controlling manufacturing 

processes, as the corrective action to reduce variations around the mean of Y, i.e,. to 

reduce O ,̂ are usually not identical to those actions which move the mean toward the 

target value. When Se, is separated into its constituents, the variation can be understood 

and an appropriate strategy to bring the process under control can be developed 
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Variance Ratio 

The variance ratio, commonly called the F statistic, is the ratio of variance due to 

the effect of a factor and variance due to the error term. This ratio is used to measure the 

significance of the factor imder investigation with respect to the variance of all the factors 

included in the error term. The F value obtained in the analysis is compared with a value 

from standard F- tables for a given level of significance. The F values are calculated by: 

^m = ^^y^ (2.23) 

^ . = % = 1 (2.24) 

and for a given factor A, it is given by: 

PA = % (2.25) 

Pure Sum of Squares 

For each of the sum of squares, there is a general variance term expressed as 

(DOF) X a . When this term is subtracted from the sum of squares expression, the 

remainder is called the pure sum of squares. If factors A, B and C having DOF/4, fB and 

fc are included in an experiment, their pure sum of squares is determined by: 

^A^^A'/AK (2.26) 

Ss=Ss-fsK (2-27) 

Sc=^c-fcK (2.28) 

S:=S,HfA-^fB+fcK (2.29) 
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Percent Contribution 

The percent contribution for any factor is obtained by dividing the pure sum of 

squares for that individual factor by Sr and multiplying the result by 100. The percent 

contribution is denoted by P and can be calculated using the following expressions: 

P.=s: ^100^ 

v ^ w 
(2.30) 

Designing the Experiment 

The word 'design' in the expression design of experiments is used in a general 

sense to convey, "a mental project or a schematic in which means to an end are laid 

down" [1]. To design the experiment is to develop a scheme or layout of the different 

conditions to be studied. An experimental design must satisfy two objectives. First, the 

number of trials must be determined. Second, the conditions for each trial must be 

specified. Taguchi's arrays are versatile recipe's that apply to several experimental 

conditions. 

The Taguchi method is the basis for this work and sets the standards for the 

experimental design that is applied in the following chapters. The application of this 

method of experimental design to a microprocessor is only a single example of the many 

possible considerations for this method. 
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CHAPTER III 

EXPOSURE OF SOFT DEFECTS USING TAGUCHI METHODS 

The goal of this thesis is to determine if an effective system or tool can be 

implemented to screen out integrated circuits that have soft defects. A soft defect is 

defined as a part that is fiilly functional, but shows some intermittent defects that inhibit 

device performance. In this instance, a soft defect is a part that exhibits frequency shift at 

final speed sort; this drift may be in either the negative or positive direction. 

The goal is to induce frequency shift, so a 'bigger is better' approach is used. 

This type of approach is chosen because the goal is to determine if these parts can be 

made to fail. It was known that a manufacturing problem existed, and a long term fix had 

to be implemented. In the mean time, there were a large number of units that had been 

manufactured and were coming through final test that showed potential to frequency 

shift. In this case a temporary screen needed to be implemented to prevent shipping sub-

par units to the customer. It had been known in the past that stress voltage, unit 

temperature and the duration of the stress played a large roll in the exposure of this 

frequency shift. In a large scale manufacturing process such as a construction of a 

microprocessor, variability in any form is an undesirable characteristic. Following this 

line of thinking, a 'smaller is better' approach would be used. However, in this instance 

since it is known that there is material coming from the fab that has problems, it is 

desirable to make these parts fail. To accomplish this, a 'bigger is better' approach is 
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needed. To solve this problem, a method or tool is need, if possible, to screen for these 

parts. 

This tool is to be administered at final device test. Final device test is after the die 

is packaged and it is the last node in the entire system process. The goal here is to see if 

the device can be made to shift in operating frequency. The only variables that are under 

the tester's control are settings on the tester and levels of these settings. For this reason, 

the things that were deemed potential contributors to the device shifting in operating 

frequency are: temperature at which the device is tested, the voltage at which the device 

is stressed and the time duration that the device is tested. These three variables are easily 

controlled on the tester and their levels can be adjusted accordingly. The goal is to 

determine if some combination of voltage, temperature and time can expose this 

intermittent defect before it gets to the customer. Having these problematic units reach 

the customer is the worst possible scenario. Problems like these are problems that 

weaken the supplier-customer relationship and if prolong too long can end tliis 

relationship. The Taguchi method is used to determine if any of these variables or 

combination of variables can be used to shift the frequency of potential bad devices. 

Knowing this, a specific test can be used to screen for the soft failures. 

In this experiment there are 3 factors at two levels each, so an Ls OA must be 

used in order to measure the interaction between the factors. What is to be gained by 

using an Lg OA over another type is that by using the Lg it is possible to examine the 

effects of the main factors, along with the main factor interactions, on the outcome. Table 

3.1 shows the main effects along with the interaction effects for these factors. 
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Table 3 . 1 - Main Factors along with Interactions 

Factor 
1 
2 
3 
4 
5 
6 

Description 
Temperature 

Voltage 
Time 

Temperature x Voltage 
Temperature x Time 

Voltage x Time 

An L4 OA could be used to measure just the main effects, but no interactions, so 

this is inadequate. If the desired outcome was to just analyze the main effects then an L4 

OA would be adequate. In an Lg OA, a total of 3 through 7 factors can be evaluated. In 

this instance the 3 factors along with all of the interactions will be examined. The linear 

graph for the representation of the Lg OA is shown in Figure 3.1. A linear graph is an 

illustration of what is examined in Table 3.1. 

Figure 3. 1 - Linear Graph of Lg OA 
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The factors and their assignments are shown in Table 3.2. 

Table 3 . 2 - Numerical Assignments of Main and Interaction Factors 

Factor 

1 
2 
3 
4 
5 
6 
7 

Description 

Temperature 
Voltage 

Temperature x Voltage Interaction 
Time 

Temperature x Time Interaction 
Voltage x Time Interaction 

Error Term 

The Experiment 

A sample size of 120 units from a single lot (24 wafers) was used for this 

experiment. This sample size was chosen due to limited product availability. Under 

better circumstances, it would have been desirable to have a sample taken from a number 

of different lots with a larger sample size from each lot. This would have been more 

representative of the material coming from the fab at this point in time. This would give 

the ability to more precisely characterize the solution to the problem. Nevertheless, it 

was deemed adequate to look at this one lot to see if any insight could be gained into 

screening out these units that exhibit the frequency shift problem. 

The units used for the experiment were chosen from a lot that showed potential 

for frequency shift. The exact specifications for frequency shift is a unit that shifts 

greater the 20 MHz between test points. 

The experiment is a three step process. The first step is to gather initial speed 

data on the units. The units were then divided up randomly into eight groups of fifteen 
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each. Each set of fifteen was then exposed to one leg of the experiment. Following this, 

the final step was to take speed data following exposure to the experiment and then 

analyze the outcome. The data discussed in this paper is pre-stress to post-stress 

frequency shift in megahertz (MHz). To keep tester to tester variation and device 

interface board (DIB) variation at a minimum, the same tester and DEB was used 

throughout the experiment. By measuring this pre to post experiment frequency shift it is 

possible to analyze the effect of the factors on final operating frequency. From there, if 

shown to be an effective screen, then the solution could be implemented at some point 

during final test. 

In designing this experiment, factor levels and their appropriate settings were 

important topics that had to be addressed. It was determined that the two levels should be 

set as a combination of the current test settings along with multiples of the current levels 

to measure the effectiveness of the present setup. The level settings and their justification 

is shown in Table 3.3. 

Table 3 . 3 - Factor Levels 

Factor 

Temperature 

Voltage 

Time 

Low Level 

0 - low temp test point 

1.5V- Measure Effectiveness of 2.6V 

6 sec - current device stress duration 

High Level 

90- high temp test point 

2.6 V - current device stress point 

60 sec - lOx current level duration 
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Orthogonal Arrav Setup 

For this experiment, to accomplish what is trying to be achieved an Lg OA was 

chosen. This OA is shown in Table 3.4. 

Column 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

1 

Table 3 

2 

. 4 - Setup of Lg OA for Experiment 

4 
Main Effects 

Temp 

1 

1 

1 

1 

2 

2 

2 

2 

Voltage 

1 

1 

2 

2 

1 

1 

2 

2 

Time 

1 

2 

1 

2 

1 

2 

1 

2 

3 5 6 
Interactions 

TexV 

1 

1 

2 

2 

2 

2 

1 

1 

Te X Ti 

1 

2 

1 

2 

2 

1 

2 

1 

l/xT/ 

1 

2 

2 

1 

1 

2 

2 

1 

7 

Error 

1 

2 

2 

1 

2 

1 

1 

2 

Average 

y 

2.424 

3.499 

7.909 

21.307 

4.224 

15.322 

11.958 

31.451 

12.262 

This OA will allow the proper analysis for the given factors. It will give the 

ability to measure the main effects of the three factors along with their interactions wdth 

each other. The average frequency shift is shown in the far-right column, this value is in 

MHz. This is the response from the treatment of the given combination of temperature, 

stress and duration. As expected, the average value increases with longer duration and 

higher stress. 

Complete Effects Table 

The effects table is a concise summary of the main effects and the interaction 

effects. This illustrates the individual component contribution to the frequency shift. 
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Table 3 . 5 - Complete Effects Table 

Level 
L8 Column 

Low 
High 

Effect 

Temp 
(1) 

8.78 
15.74 

6.95 

Time 
(2) 

6.37 
18.16 

11.79 

Voltage 
(4) 

6.63 
17.89 

11.27 

TexV 
(3) 

12.33 
12.19 

-0.14 

Te X Ti 
(5) 

14.28 
10.25 

-4.03 

VxTi 
(6) 

14.85 
9.67 

-5.18 

Standard 
Error 
(7) 

12.75 
11.77 

-0.98 

For example, to calculate the effect of temperature on frequency shift, the 

difference is taken between the effect of temperature when it is at its high level and when 

the temperature is at its low level. This topic is discussed in greater detail in Chapter II. 

As shown in the table, the values are not large. 

Main Effects and Interaction Effects 

The main effects show the impact of the individual factors on the frequency shift. 

As shown in Table 3.6 the two main factors accounting for the frequency shift are voltage 

and time. Temperature has little effect on frequency shift. 

Low 

High 

Effect 

Table 3 .6 -

Temp 

8.78 

15.74 

6.95 

Main Effects 

Voltage 

6.37 

18.16 

11.79 

Time 

6.63 

17.89 

11.27 

As shown in Figure 3.2, the effects of the main factors are not high. 
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Main Effects 
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Figure 3 . 2 - Main Effects 

The Temperature x Voltage Interaction Plot 

The interaction of two main factors shows how the frequency shift changes as the 

two factors change. A non-parallel line indicates an interaction between the factors, as a 

parallel line indicates a weak interaction between the two factors. For example, in Figure 

3. 3, the ordinate is frequency shift while the abscissa is the factor temperature. The 

upper line is the result when the voltage is set to its high level and the lower line is the 

result when the voltage is set to low. 

Temp 

1 
1 
2 
2 

Table 3. 7 -

Voltage 

1 
2 
1 
2 

Temperature x 

Obs1 

2.424 
7.909 
4.224 
11.958 

Voltage Interaction 

Obs2 

3.499 
21.307 
15.322 
31.451 

Average 
Response 

2.962 
14.608 
9.773 
21.704 
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Figure 3 .3 - Temperature x Voltage Interaction 

In this manner the Interaction between temperature and voltage can be determined 

from: 

Vdtage X Temperature Interaction=^ ' = — '•—- = -0.1424 

p « , ^ g ^ ^ = ( M ^ ) = 01^^^±lim = „.789, 

Where in this instance A2 is the difference in frequency shift at 90° C and Ai is the 

(3.1) 

(3.2) 

difference in frequency shift at 0°C. It is obvious due to its miniscule contribution to the 

frequency shift that the voltage x time interaction is negligible and is not statistically 

significant. 

The Temperature x Time Interaction Plot 

The temperature x time interaction plot, as shown in Figure 3. 4 shows a stronger 

interaction than its predecessor. The following expression leads to the interaction of the 

two factors: 
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T . T f. . ( ^2 -A , ) (7.236-15.295) , ^^^ Temperature x Time Interaction = -̂̂  — = ^ = - 4 029 
2 2 

r z7/r , (^2 + ̂ ) (7.236 + 15.295) , , ̂ ^^ 
T/me Effect = = ^ = 11.266, 

(3.3) 

(3.4) 

In Figure 3.4 and Table 3.8, the top line is a representation of what the response is 

at a duration of 60 seconds and the lower line is the response at a duration of 6 seconds. 

As stated above, this will contribute some to the overall frequency shift, but it is still a 

small contributor to the overall shift. 

Table 3 . 8 - Temperature x Time Interaction 

Temp 

1 
1 
2 
2 

Time 

1 
2 
1 
2 

Obs1 

2.424 
3.499 
4.224 
15.322 

Obs2 

7.909 
21.307 
11.958 
31.451 

Average 
Response 

5.167 
12.403 
8.091 

23.386 
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Figure 3.4- Temperature x Time Interaction 
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The Voltage x Time Interaction Plot 

This combination has the strongest interaction of the three combinations of factors 

and is shown in Figure 3.5. As previously, the top line represents 60 seconds of exposure 

and the lower line represents the response to 6 seconds. The ordinate is the response to 

the treatment, while the abscissa is the two levels of voltage. 

Voltage. T,n,eJ-^^::^J^^^^z}M^-
2 2 

= -5.179 (3.5) 

Ti„,eEffectJ-^^^J2^^^±ll^ = n.266, (3.6) 

Table 3 . 9 - Voltage x Time Interaction 

Voltage 

1 
1 
2 
2 

Time 

1 
2 
1 
2 

Obs1 

2.424 
3.499 
7.909 
21.307 

Obs2 

4.224 
15.322 
11.958 
31.451 

Average 
Response 

3.324 
9.410 
9.934 

26.379 

30 

25 

20 

Fraq Shifl,, 
(MHz) ^° 

10 

Voltage x Time Interaction 

1.5V Z6V 

Voltap* 

' . ; • . • ; 

V* 
J^ 26.38 

; 

» ^ ; • " 

:.^^r 

<>41 

132 . 

^^^."'"''''^ 993 

,; 

' 

"6Secon<Js 

60 Seconds 

Figure 3 . 5 - Voltage x Time Interaction Plot 
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As all of the above effects contribute somewhat to the overall frequency 

degradation of this microprocessor, there are not one or two driving factors. The goal is 

to find a combination of the factors that will induce this frequency shift. Further 

ANOVA calculations will give more insight as to the effectiveness of this experiment in 

the next section. 

ANOVA Calculations 

The main objective of ANOVA is to extract from the results how much variation 

each factor causes relative to the variation observed in the result. For a set of results the 

total variation can be calculated by adding deviations of the individual data from the 

mean value. To assure that all deviations are counted, the individual deviations are 

squared, which forces all values to be positive. ST is the quantity and is expressed by the 

following: 

^T = Z ( ^ - yf = 716.607 (3'7) 

S , = ^ + ̂ - C . F . (3.8) 

Following a similar approach, the variation caused by an individual factor (factor 

A) is obtained by an expression called the factor sum of squares as 
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^ + - ^ - c . F . (3.9) 

5, = ^ ^ + ^11^-1202.81 = 96.71 (3.10) 
4 4 ^ 

,, 72.62̂  2^ 47' 
^5=—-—+ —^̂  1202.81 = 277.96 (3.11) 
5 ,=Z1^ .26 |2 l^ ,2^23 j^233^3 (3.12) 

S , ^ = f ^ . i ^ _ 1 2 0 2 . 8 1 = .04059 (^•^^) 
4 4 

40981 ̂ 5H1!_,202.8, = 31475 ^c 4 4 

5^^.=B68l^594]l_1202.gl = 53.661 (3.15) 
4 4 

£ . „ . = i ^ , M 1 0 l - , 2 0 2 . 8 1 = 1.928 (3.16) 

MeoTJ Squares (Variance) '.V^=-^ CX M\ 

F-Rmo:F. = '^ (3.18) 

(3.14) 

A 

Pure Sum of Squares : S], = S^ - (V^XfJ (3.19) 
S (3.20) 

Percent Influence :P^= " ' S T 

where C.F. is the correction factor (=T /N). Four other factors are required to calculate 

the ANOVA table and are shown below. A summary of the ANOVA calculations is 

shown in Table 3.10. The four equations below show how the values given in the table 

are tabulated. 

Mean Squares (Variance) •.V^=-^ (3.21) 
J A 

F-Test:F,=^ (3.22) 

Pure Sum of Squares: S'^ = S^ -(KKL) (3.23) 
S' (3.24) 

Percent Contribution :P^=-^ 
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ANOVA Table: 

Factor 

Temp 
Voltage 
Time 

S(TexV) 
S(TexTi) 
S(Vx Ti) 

Error 

Sum 

1299.524 
1480.774 
1456.643 

1202.854 
1235.289 
1256.474 
1204.741 

Sum 

Fable 3. 1 0 -

Sum 
Squares 

96.711 
277.960 
253.830 

0.040 
32.475 
53.661 
1.928 

716.607 

ANOVA Table 

F-Test 

50.15814 
144.1613 
1316461 

0.021053 
16.84318 
27.83073 

1 

DOF 

1 
1 
1 

1 
1 
1 
1 

Mean 
Square 
Variance 

96.711 
277.960 
253.830 

0.040 
32.475 
53.661 
1.928 

7 

Percent 
Contribution 

13.495 
38.788 
35.421 

0.005 
4.531 
7.488 
0.269 

100 

F Test Rules for Interpretation 

The F-ratio or F-statistic measures the effect of each factor or interaction relative 

to the error. In other words, it is the ratio of the mean square due to the factor effect to 

the error variance. The usual assumption is the individual measurements are 

independently distributed. Here the FcHticai value is calculated from a table. The critical 

value is determined by two degrees of freedom, vj and V2. For an OA with factors at two 

levels, the value of v; is always equal to unity. The second value depends on the number 

of degrees of freedom for error, and in this case is also unity. From these two values and 

significance level of a, the Fcritieai value is obtained. In this case, at a significance value 

of a = 0.05, the Fcritieai value is: 

^(...) = ̂ (U)= 161.45. (3.25) 

Some general guidelines for interpretation of the F-statistic are; 
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• Any F Test < 1 is not statistically significant 

• The larger the F Test, the greater the significance 

• A factor effect is observed to be statistically significant if Fcaicuiated > Fcritieai. 

Evaluating by this criteria in the ANOVA table, it is evident that only two factors, 

voltage and time are statistically significant. This is also evident in the far-right column 

of the ANOVA table. This is the percent contribution column; it is the individual factor 

contribution to the overall variation. From this, it is evident that voltage and time along 

with their interaction account for almost 82% of the variance among the population. 

Results 

The overall goal of this experiment was to find the appropriate combination of 

device temperature, stress voltage and stress duration in order to induce a frequency shift 

of 20 MHz. The results achieved do not attain that goal. As shown in Table 3.11, the 

Level 
L8 Column 

Low 
High 

Effect 

Table 3. 

Temp 

(1) 
8.78 
15.74 

6.95 

Time 
(2) 

6.37 
18.16 

11.79 

11- Complete Effects Table 

Voltage 
(4) 

6.63 
17.89 

11.27 

TexV 
(3) 

12.33 
12.19 

-0.14 

Te X Ti 
(5) 

14.28 
10.25 

-4.03 

VxTi 
(6) 

14.85 
9.67 

-5.18 

Standard 
Error 
(7) 

12.75 
11.77 

-0.98 

main contributors to the frequency shift are the voltage at which the stress occurs along 

with the duration of the voltage. These two factors are the principal components leading 

to the shift; however their magnitude is not as large as had been hoped. 
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The interaction effects, which signify that the effect 'A' changes the outcome 

with respect to a different level of effect 'B' did not show promise in this instance either. 

As shown in Table 3.11, these effects are almost negligible in some cases and the 

largest interaction effect, voltage and time is a combination of the leading two main 

contributors. This is something that would be expected from prior knowledge. The 

ANOVA calculations illustrate that not one of the factors is significant too. The F-test 

analyzed shows that from the expected level of confidence, that none of the factors are 

statistically significant. Although this exercise shows some insight into what has 

potential to cause frequency shift in this case, it does not show promise as a tool to 

implement a screen to induce frequency shift. 
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CHAPTER IV 

CONCLUSIONS AND FUTURE DIRECTIONS 

The objective of this research was to develop a method of screening out 

microprocessors that exhibit a frequency drift. The results from the preceding chapter 

illustrate that it is not entirely possible to implement the proper combination of device 

temperature, stress voltage and stress duration to accurately eliminate parts that exhibit 

this phenomenon. This experimental design still needs some tweaking and deeper 

investigation to become effective. 

The primary issue that requires attention is that the variation between different 

lots is not addressed. This case study focused on a single lot of microprocessors that 

exhibited this problem. The examination of multiple lots from multiple fabrication plants 

needs to be addressed to fiilly verify the effectiveness of this system. 

The second issue that needs to be addressed is that of a wafer to wafer variation 

along with die location variation to die location variation that exists. Traditionally, a ring 

in the center of the wafer is considered more reliable. This phenomenon was not 

investigated. It could come to be that units prone to frequency are edge die and this could 

be contributed from process variation. 

The third issue that exists is those units that are on the edge of failing, but still 

pass. Since this problem that exists is an intermittent problem, a unit close to threshold of 

failing could pass at final test and then reach the customer and fail prematurely. As a 

result of this situation the limits of what is considered passing/ failing could possibly be 

amended. 
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By addressing the first problem it will give better insight to the effectiveness of 

the screening for bad parts. Although screening in this fashion is a temporary fix to a 

bigger problem, looking at a larger sample with greater variation would give a more 

effective solution. Following the characterization of the first problem, the second 

problem should be taken care of as well. This will give familiarity with the wafer to 

wafer variation and the die location problem and if it is a problem that deserves attention 

as well. The third problem should also be addressed with a larger sample size. As the 

population gets larger, a firmer grasp can be placed on what a solid limit for a failure 

should be. Perhaps 20 MHz is too tight, or not tight enough in this instance. 

Despite these issues it still appears possible that an adequate screening for soft 

defects is potentially possible utilizing Taguchi Methods to optimize the parameters. The 

mixture of all these factors should indicate at the minimum a starting point for developing 

a method for screening out soft defects. For each device, parameters may differ, but the 

system should be able to be implemented on a number of integrated circuits. 
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