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Foreword


This book is designed for individuals working in the semiconductor industry who need a fundamental understanding of Design-for-Test (DfT) methods. It caters to test and product engineers who typically utilize these methods, as well as chip designers, project managers, and business owners who seek to comprehend the value of implemented DfT methods. Additionally, it serves as a starting point for beginners in DfT before delving deeper into implementation tools and test pattern generation tasks.


Originating from a university lecture, the core content of this book has expanded over the years. It bridges the gap between theoretical textbook descriptions of DfT and its practical application in the industry. The goal is to present DfT as a collection of methods that maintain manufacturing test costs at a level that allows for reasonable selling prices, even for complex products utilizing the latest silicon technologies.


The book is structured into three parts:




	The first part provides a summary of DfT techniques and an introduction to pattern generation techniques.


	The second part delves into established DfT techniques for special analog-mixed signal circuits and memories within the industry.


	The third part proposes a systematic approach to test concept engineering, maximizing the benefits of DfT methodologies.





The author, with over 30 years of experience in the semiconductor industry, began his career as a DfT expert following his PhD. Throughout his professional journey, he has collaborated closely with design, test, and product engineering teams in various roles. For the past decade, the author has been a lecturer at FAU Erlangen-Nuremberg, Germany, empowering the next generation to continue innovating in test and DfT. One of the key insights from the author's career is the continuous need for innovation across all fields of semiconductor development. This book provides a snapshot of DfT as of 2025, with the expectation that future chapters will be written by others.


By exploring the fundamentals and advanced concepts of DfT, this book aims to equip readers with the knowledge and tools necessary to contribute to the ongoing innovation in semiconductor testing and development.










DfT to optimize manufacturing test


In semiconductor development, two critical disciplines harmonize to ensure reliable products: Design and Manufacturing Test. The Design team’s primary responsibility is to create product functionality based on a specified set of requirements. In contrast, the Manufacturing Test team’s role is to verify that each manufactured device conforms to the design's expectations.


It is essential to note that the purpose of manufacturing tests is not to uncover any functional design flaws. Instead, these tests focus on verifying the quality and correctness of the physical manufacturing process. Given the inherent nature of wafer manufacturing and die assembly, there exists a probability of defects in the final devices.


Ideally, the most effective way to validate a manufactured device would be to run it through the intended customer applications and all relevant use cases. However, this approach is typically impractical for almost all semiconductor products. The reasons for this include:




	Not all use cases are known beforehand.


	Products operate across a wide range of voltages and temperatures.


	There is a high degree of programmability involved.


	Exhaustively testing even small digital blocks would require an immense amount of time due to the vast number of possible input combinations and outputs that need validation.





Despite these challenges, an exhaustive test approach, where feasible, remains the gold standard for ensuring product quality and reliability.










Test equipment interaction with device-under-test


The ATE and DUT interaction model shows the main components of Automated Test Equipment (ATE). These are:




	Data Source


	Evaluate Responses


	Clock Generation


	Power Supply


	Analog and RF Measurements
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Figure 1: ATE_DUT interaction model





Analog and RF measurement capabilities are optional. Depending on the product to be tested different features are needed. The required measurement capabilities are defining the costs for ATE. Other significant cost drivers are possible test frequencies, memory depths for data sources and expected responses. The number of channels available also influences the ATE costs.


These channels are the communication interface to the device-under-test (DUT) or circuit-under-test (CUT) shown on the right side of the graphic. The DUT is only accessible via the input and output structures of the device. These structures are pad patches for dies on wafer. Depending on package type, pins or balls are the points of access for a packaged device.


ATE are general purpose machines, i.e., they can be used for different kind of products. The adaptation between ATE and product is established using:




	Probe cards for testing dies on wafers


	Load boards for testing packaged devices





Manufacturing test at ATE is controlled via a test program. A test program applies a set of single tests. Generally the tests are categorized into three groups:




	Parametric


	Functional


	Structural





A single test is called a pattern. With every pattern a timing for the tester channels and power settings are associated.


Parametric tests confirm that data sheet parameters of the device are within specified limits. Examples are current consumption or parameters for analog interfaces like Analog-to-Digital Converters (ADC).


Functional patterns assume a black-box model for the test. The behavior of the tested function is checked by stimulating the inputs and checking the expected behavior at the outputs. The complexity for a complete functional test increases significantly with the number of function's inputs and internal states. Assume n=50 internal states and k=25 inputs for a sequential circuit according to Figure 2. The exhaustive test set for this circuit has a size of 225+50. If the test is executed with a frequency of 100 MHz the test would take 12 million years.
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Figure 2: Sequential circuit





By applying functional tests no information is available about the root cause of a defect. There is also a possibility that a fault effect is blocked internally and not visible at the outputs.


Structural patterns are constructed using the internal realization ('structure') of a circuit. The function is out of scope for structural test. Structural tests are developed using the structural realization, as for example a gate level netlist. Defects or faults are inserted into this netlist which should be detected by the applied test sequences. Structural pattern development is closely linked to DfT measures implemented into the design.










Test time, yield, quality and reliability


Test and DfT contribute to achieving a product’s business targets. Targets for test time, yield and area for DfT are directly linked to manufacturing costs or ‘Cost of Sales’ (CoS). Development efforts for test program and DfT implementation are part of research and development (R&D) cost. A typical profit and less statement is shown in Figure 3.


Revenue is what you get on the market for your product. The average selling price (ASP) is multiplied with the number of products sold. This revenue is required to cover certain types of costs:




	G&A: These are general and administration costs to finance central functions of a company as human resources or legal departments.


	Sales: These costs cover expenses for sales activities.


	R&D: Research and development activities focus on developing new products. Most of these costs are related to the engineering work force. R&D costs have to be spent independently of the manufactured volume of a product.


	CoS: Cost of Sales cover all spending to produce goods sold. Compared to R&D cost this cost type depends on manufactured volume. Basically, there is zero CoS if the product is not manufactured.





For a healthy business case there should be a (positive) profit. Subtracting all 4 cost types listed above from revenue gives the achieved profit.
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Figure 3: Profit and loss statement





A closer look into CoS gives the following elements:




	Cost for wafer manufacturing (FE cost): Wafer cost charged by foundry or internal wafer fab depends on technology node and process complexity. Costs are higher for more advanced technology nodes, i.e., smaller geometries. A higher number of metal layers increases the process complexity resulting in higher costs, too. Breaking down cost to die level requires consideration of the achieved Yield.


	Cost for package and assembly (BE cost): All cost types for backend manufacturing are covered here. The main contribution is the type of package used for the product.


	Cost of test: Typically, there are different test insertions associated with wafer manufacturing as well as with package and assembly. For the following we summarize cost for frontend test insertions (FE test) and for backend insertions (BE test).





Test costs consider the investment of the required ATE, their operational expenses and the time a product uses the test equipment. Investment and operational expenses are typically covered by the ATE Cost Rate1. To get test costs for a test insertion this rate is multiplied by the time needed to run all patterns for this insertion. Below, test time is replaced by its reciprocal ‘throughput’.




	Test cost = ATE Cost Rate * 1/Throughput


	Throughput: Number of parts tested each time unit (1/Test Time)


	Cost Rate: ATE cost ($) for each time unit






Yield


For considering yield at wafer manufacturing, we assume randomly distributed defects all over the wafer. If 1000 identical dies are manufactured on a single wafer, a perfect manufacturing test would identify all dies as failing ones which cover one or more defects. If 50 dies are failing the resulting yield would be 95%.




	Yield = Pass parts / All parts





Now we assume the identical distribution of defects on the wafer, and we manufacture bigger dies resulting in 500 identical pieces for a single wafer. The probability that a die covers one or more defects is higher now and the resulting yield is lower. If otherwise smaller dies are manufactured assuming the same defect distribution yield will increase. To conclude these thoughts, yield increases with decreasing die area. Additional to area the Price2-Formula [1] gives other basic parameters influencing yield:


[image: ]


In this formula A is the area of a die, D0 is the defect density per manufacturing layer and n is the process complexity factor. Figure 4 shows examples for different die sizes using the same defect distribution on wafer indicated by red dots.
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Figure 4: Yield for different die sizes





With every processing step there is a yield loss as shown in Figure 5. Yield is defined generally as ‘good pieces out’ divided by ‘pieces in’.





[image: Figure 5: Yield loss identified by wafer and package test]



Figure 5: Yield loss identified by wafer and package test





Unwanted yield loss during test insertions is related to ‘over-testing’ and to instable test patterns. Both originate from operating points for patterns like voltage, timing and power which are at the edge of the device’s specification.



Quality and Reliability


Not directly visible within profit and loss statement are business objectives like quality and reliability. Besides cost targets every product has to fulfill a set of requirements [2]. For a semiconductor product examples for requirements are function, performance of processing units, specific interface parameters but also general parameters like operating temperature range, operational voltages and power consumption. A product’s specification documents all intended functions or features for customers. Semiconductor companies have to guarantee that all manufactured products behave according to their specification. The main purpose of manufacturing test is to guarantee the so called ‘shipped-quality’ towards the customers. A measurable for the shippedquality is the defect level or fail rate of products after delivery. This fail rate is measured in defective-parts-per-million (dppm). The expectations on dppm rate depend on application and market segment. The quality requirement (i.e., low dppm rate) is highest for safety, security and high availability applications as dominant in automotive, aerospace and military markets.


The first approach to model the fail rate of semiconductor devices dates back into 1981 [3]. The modeling is based on probabilities:




	Probability for a fault is pf, assuming that all faults are equally likely


	
Probability of a chip being good is (1- pf)f, where f is the number of all possible faults





The last term is the representation for yield. The probability that a fault is not detected by the test is assumed as escape probability pe. Using the terms and probabilities introduced a fail rate or defect level can be defined as:


DL = pe / [(1- pf)f + pe]


If we assume that a test is able to detect m faults with m ≤ f the following can be formulated:


(1- pf)m = (1- pf)f + pe


The term for the defect level can now be written as:


DL = 1 - (1- pf)f-m = 1 – Y(1-m/f)


Here Y = (1- pf)f is the yield and m/f is the coverage of the applied test.


The model includes no differentiation for structures like embedded memories, analog, logic or others. Also, a single coverage is used here without considering different fault models. This model is able to show general relations between yield of the manufacturing process, coverage of the applied tests and the resulting shipped-quality.
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Figure 6: Fail rate or defect level as function of coverage





Figure 6 plots the formula for defect level and coverage using different yields as parameter. The coverage range from 80% to 100% is shown enlarged on the right side. The effect of manufacturing yield on failure rate can be seen clearly. High coverages with more than 95% are required for yield of 90% to achieve failure rates below 500 dppm. For automotive quality ranges below 1 dppm coverages at >99% level are required.


Sometimes quality is mentioned as ‘0h-quality’ to differentiate clearly from reliability. Reliability is quality over lifetime and shown as a ‘bathtub-curve’ in Figure 7.
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Figure 7: Failure rate over lifetime ("bathtub curve")





Typically, a product’s failure rate is high during first 1000h of operation. An average, lower failure rate is achieved during normal lifetime period. This period depends on application and market segment. Again, consumer products including mobile devices have lower lifetime requirements than automotive products. At the end of lifetime the failure rate is increasing again. Lifetime is influenced by use cases for the application. Hours of operation, stand-by and switch-off periods combine into a use case and determine possible lifetime. Reliability requirements are formulated as FIT rates (failures-in-time)3. The FIT rate measures the number of failing devices per 109 operating hours4. For this an assumed use case is required. E.g., operation time for a vehicle’s engine depends if a truck is on the road for above 12h per day or a privately owned car which is used for 1-2h per day only.


For high reliability products stress tests are part of the manufacturing test flow. Objective of stress tests is to activate extrinsic faults before the product is shipped to the customer and used in targeted application. The product’s lifetime starts with the average failure rate according to Figure 7.





1 Usually given as $/h or €/h for a complete test cell including associated equipment like handler or temperature control unit.


2 Named after John Price who proposed this formula.


3 German: Ausfallrate


4 Sometimes other number for time interval used, should be given to avoid confusion
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