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People like us. who believe in physics, know that 
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is only a stubbornly persistent illusion.
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Abstract

Integrated circuit test strategies and their implementations have been driven by the 

trade-off between a test cost and its effectiveness. Technology trends in the semi­

conductor industry enabled manufacturing o f a transistor device with a dramatically 

reduced feature size, which provided a foundation for the exponential increase in 

densities, complexities, and frequencies o f integrated circuits. These trends, how­

ever. presented more complex test environments which resulted in degraded quality 

o f the conventional specification or fault-model-based test methods and a signifi­

cantly higher manufacturing test cost.

Current-based test has been an important failure analysis and characterization 

tool, indispensable for test quality improvement, test cost reduction, and bum-in 

elimination. Highly integrated deep sub-micron technology processes, character­

ized by the exponential increase o f leakage currents as well as reduced control over 

process variations, render existing current-based test methods less effective with 

constantly declining capabilities. Most notable challenges arise from the difficul­

ties to access deeply embedded circuits, perform accurate and fast current measure­

ments, and process the signals so that useful information could be extracted and 

interpreted for the test purpose.

This thesis investigates the application of the current-based test methodology 

for digital and analog circuits in a deep sub-micron environment. A built-in current 

monitoring solution has been identified as a strong opportunity to address the chal­

lenges by enabling easier access to an embedded core. A topology of the versatile 

CMOS current sensing device is proposed as a built-in self-test monitor for con­

ventional digital/analog I d d q  power supply current test. A novel sensor topology
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is successfully employed in a current monitoring testing scheme. The presented 

sensor is a scalable and practical embedded solution for high-frequency parametric 

I d d q  test o f standard CMOS integrated circuits.

A feasibility o f a structural model-based method for testing analog integrated 

circuits has been explored. The proposed method is an extension of digital Idd 

test to analog circuits. We investigated the detection rate based on the resistive 

open and short fault model within a MOSFET device. Input test signals are op­

timized for maximum detectability o f introduced faults. The stimuli required for 

defect screening are DC signals which can be easily produced on-chip. This simple 

yet effective method is suitable for production testing, as a preliminary and com­

plementary test of embedded analog circuits for early defect screening in highly 

integrated environments.
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Chapter 1 

Introduction

1.1 Overview

Over the last four decades the semiconductor industry has continued the expansion 

and improvement o f its products. The ability to consistently improve performance 

while decreasing power consumption has established CMOS1 technology as the 

dominant one for the production o f integrated circuits. Aggressive scaling trends 

have brought about significant improvements in the following three domains: level 

of integration, operation speed, and power consumption. In essence, all o f these im­

provements have resulted from our ability to exponentially decrease the minimum 

feature size o f the MOSFET2 device.

The most frequently cited trend is the integration level which is usually ex­

pressed as Moore's Law. The famous observation was initially made in 1965 by 

Gordon E. Moore, just six years after the invention o f the first planar integrated 

circuit. In his original paper [127], Moore noted an exponential growth over time in 

the number o f transistors per integrated circuit and predicted that this trend would 

continue. The law originally stated that the number o f transistors per square inch on 

integrated circuits would double every year. In subsequent years, the pace slowed 

down, and in 1975, Moore revised his estimate for the expected doubling time to 

approximately 18 to 24 months. This trend has been maintained until today, and it 

is expected to continue at least through the end of the next decade [182].

'Complementary Metal Oxide Semiconductor
-Metal Oxide Semiconductor Field Effect Transistor

1
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Testing o f integrated circuits is a crucial part o f the complete chip manufacturing 

process. The purpose of the test process is to identify defective parts as well as 

parts prone to early failures, and, as a result, increase the quality and reliability 

o f the product. Each silicon chip has to be individually tested before shipping to 

ensure the required quality/reliability levels. Product quality could be measured in 

a number o f defective parts per million, whereas reliability can be defined as the 

probability that a product w ill continue to perform its intended function without 

failure for a specified period o f time under stated conditions.

A ll scaling trends have huge implications for testing o f integrated circuits (IC). 

Technology trends which enabled fabrication o f a MOSFET device with a signif­

icantly reduced feature size, provided a foundation for an exponential increase in 

density, complexity, and operating frequency o f integrated circuits. These trends, 

however, presented more complex test environments which resulted in the degraded 

capabilities o f conventional specification or fault-model-based test methods and sig­

nificantly higher manufacturing test cost. With continuing advances in the IC tech­

nology manufacturing processes, testing becomes more difficult and, inevitably, 

constitutes an increased portion o f the total cost. Presently, the cost associated with 

the very large scale o f integration (VLSI) IC testing already exceeds 50% of the 

total manufacturing cost.

1.2 Motivation -  Trends and Challenges

Progressively greater IC complexity raises numerous new testing problems and 

exacerbates existing ones. The limitations o f traditional testing methodologies 

demonstrate a critical need for the improvement in existing techniques and the de­

velopment o f alternative approaches. New and improved ways o f testing are needed 

to deal with the ever-growing complexity o f ICs, to meet stringent quality require­

ments. and to ensure product functionality.

Application o f the test methodology as well as its implementation is primarily 

driven by the trade-off between the product test cost and test effectiveness. General 

trends in the semiconductor industry lead to the significant increase in test com-

9
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plexity and consequently test cost. The global technology trends which present the 

most significant challenges for integrated circuit test could be identified as follows:

•  Increased operation frequency and clock rate;

•  Integration o f heterogenous and multi-domain systems on chip;

•  Reduced accessibility to internal nodes, devices, and components;

•  Scaling to devices with nano-meter features resulting in increased device 

density.

At-speed test, either functional or analog, continues to be utilized as an essential 

tool for the detection of design and process errors. However, at-speed test faces a 

major limitation in applications where increasing clock frequencies are approach­

ing the multi-GHz range. Testing leading-edge digital and analog circuits require 

expensive high performance digital and analog automatic test equipment. As a re­

sult. the equipment and test time continue to dominate a total product test cost. 

Automatic test equipment (ATE), in spite o f its very high cost, usually does not of­

fer the memory capacities and test application speed required for testing of modem 

integrated circuits.

Technology development and scaling trends allow the integration of hundreds of 

millions of transistors on chip which w ill very soon result in multi-billion transistor 

systems. The integrated single-chip complex systems which may incorporate het­

erogeneous components (e.g.. logic, SRAM, DRAM, analog, mixed-signal, RF....) 

as well as multi-domain non-electrical parts (e.g., mechanical, fluidic, optical,...) 

are becoming a reality. Very often, different test equipment has to be used to cope 

with these highly integrated chip components.

At these levels of complexity, external testing using ATE is becoming extremely 

difficult. Beside the lack o f high-speed interface circuits capable of transferring test 

information in and out of the chip, a significant challenge is presented by the re­

duced controllability and observability of circuit's internal components and nodes. 

To demonstrate this, the trend of rapidly increasing number-of-devices-per-pin ratio

3
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Figure 1.1: Complexity index trend

is shown in Figure 1.1. This figure is derived from the tables provided in [179]. The 

figure indicates an exponentially increasing number o f transistors per pin. which 

translates to exponentially reduced access to individual devices. Comprehensive 

test strategies ultimately require a special test access to circuit's internal nodes.

Increased density and device size reduction, increased speed, and low power 

requirements are reducing noise margins and component reliability, increasing the 

impact and complicating the behavior of defects that could be represented by sim­

ple fault models in the past. The progress o f semiconductor process technology 

is changing the population of physical defects that affect circuit functionality. De­

creasing die size and increasing device density are causing dramatic increases in die 

thermal density which is driven even more by the exponential increase in leakage 

currents for sub-micron devices. These processes have a strong impact on failure 

analysis and reliability screens such as burn-in and current-based test.

Traditional test equipment based techniques need to be complemented with

4
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design-for-test based methodologies. Such methodologies require flexibility to ef­

fectively accommodate the mix o f different circuit types on a single die or in a 

single package. Applications of such methods is needed to grow with the intention 

o f moving test complexity on-chip which could reduce the capability requirements 

and cost o f manufacturing test equipment.

1.3 Author’s Contributions

The following summarizes the major contributions o f this thesis:

•  A novel current amplifying cell based on the application o f the current 

conveyor:

•  A new built-in current sensor amplifier topology suitable for current mon­

itoring test applications:

•  A design technique for improved variability-tolerant circuits based on 

the interpretation o f the comprehensive characterization o f the MOSFET 

drain current;

•  A  simplified resistive DC fault model o f a MOSFET device for defect- 

based current test applications:

•  A complementary defect-based test methodology for non-specification 

power supply current-based test for analog integrated circuits.

1.4 Thesis Organization

This thesis constitutes a comprehensive study o f current-based test methodology, 

with emphasis o f issues, requirements and potential solutions for embedded current- 

based test in deep sub-micron environments. A built-in current monitoring solution 

is identified as a potential opportunity to address the challenges by enabling easier 

access to the embedded core. In the process o f developing a sensor device topology, 

we outline a set o f requirements for successful application of embedded monitors.

5
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Detailed analog behavior analysis o f the proposed sensing device is presented, and 

the sensor is evaluated in a current monitoring testing scheme. Furthermore, the 

effect o f process variations on device’s current is investigated, and a methodology 

for non-specification current test of analog circuits is proposed. In the following 

paragraphs, we describe a thesis outline and topics covered in each o f the chapters.

Chapter 2 provides the basic background information, terminology, and defi­

nitions needed for better understanding o f the work proposed in this thesis. We 

introduce fundamentals o f IC testing describing the test environments and concepts 

behind conventional IC testing including test objectives, stages, types, and method­

ologies.

Chapter 3 focuses on current-based testing as a methodology in testing o f IC 

circuits. A historical perspective is presented along with elementary concepts be­

hind this type o f test. In this chapter, we place the emphasis on describing device 

leakage mechanisms in sub-micron technology processes. The motivation behind 

this effort is to understand the leakage properties o f deep sub-micron transistors that 

are, beside design and performance related issues, also essential to guide effective 

solutions for current-based testing.

Chapter 4 elaborates on concepts and applications o f power supply current mon­

itoring3. We outline the requirements for the current monitor designs, and present 

different techniques for current sensing. We also explore existing methodologies 

and summarize different design concepts and principles of current sensing in test 

applications. A comprehensive survey o f the relevant, state-of-the-art current mon­

itor devices reported in the literature is provided in this chapter.

Chapter 5 presents a novel topology o f the embedded current amplifying device. 

We describe a design and implementation of the novel built-in amplifier topology 

developed as a front-end device of a built-in monitoring system {i.e.. sensing and 

detection device).

' Power supply current monitoring term used throughout this thesis refers to a particular aspect 
of current-based lest specifically related to the accessing, sensing, amplifying, and processing of 
current power supply signals.

6
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Chapter 6 investigates the feasibility, scope, and limitations o f the current test 

technique for digital circuits based on the proposed built-in current sensing de­

vice which was presented in Chapter 5. The novel sensor topology is successfully 

employed in a current monitoring testing scheme. For verification purposes, the 

performance of the sensor design is investigated on several types of digital circuits.

Chapter 7 describes the effects of process variations on the drain current o f a 

MOSFET device. In many analog CMOS circuits, a sum of drain currents consti­

tute a significant portion o f the total power supply current, which is a key parameter 

for current-based test. A comprehensive characterization o f the drain current show­

ing the scope of the variability due to the process variation has been provided. The 

results indicate that circuit design techniques could minimize to some degree ris­

ing process uncertainties and complement more advanced process techniques that 

reduce variability.

Chapter 8 explores a novel non-specification based test approach for analog 

circuits in a deep sub-micron CMOS process. The test method is based on power 

supply current measurements and is intended to be a part o f the comprehensive test 

suite for early fault detection. The method targets non-catastrophic resistive open 

and short defects within the MOSFET devices.

Chapter 9 presents summaries and conclusions of the thesis. This chapter sum­

marizes the topics covered in the thesis and briefly outlines the major contributions. 

Several topics in three main areas related to the work in this thesis are identified as 

opportunities for further research.

7
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Chapter 2 

Fundamentals of IC Testing

2.1 Introduction

Semiconductor technology has enabled great progress in the design o f complex in­

tegrated circuit systems. Many challenges in the manufacturing process had to be 

solved to achieve this. One of the steps in this process, namely testing, is posing the 

most significant challenge to contemporary and future integrated circuit manufac­

turing. This is a continuing trend, and due to decreasing silicon cost and increasing 

complexity o f integrated circuits, testing constitutes a very sizable portion o f the IC 

manufacturing cost [183].

The technology seeks to minimize the cost o f IC testing, reduce a defect levefi 

and yield loss1 of fabricated semiconductor chips. Yield has become more impor­

tant due to the sharp increase in competition, which has been enabled by more 

sophisticated computer-aided design (CAD) tools and advanced technologies. The 

semiconductor industry faces a pressure to cut costs as a result o f falling prices and 

reduced profit margins. Since wafer prices and package costs are fixed, yield im­

provement is the best way to achieve this. For large and complex ICs, in order to 

maintain the same defect levels as for small chips, testing needs to be improved.

1 Defect level is a number of electrically significant defects per square meter. The targets for 
electrical defect density of DR AM , M PU. and ASIC necessary to achieve 83-89 .5# chip yield could 
be found in [183]. [182],

■Manufacturing yield loss occurs whenever any test or inspection process rejects as faulty a 
device that functions correctly. Causes o f yield loss may include tester inaccuracies, mishandling, 
misprobing. etc..

9
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In the following subsections we introduce the fundamentals of IC testing as 

background information necessary for better understanding o f the work proposed 

in this thesis. We describe the test terminology, environment, and concepts behind 

conventional IC testing including test objectives, stages, types, and methodologies, 

as well as IC test trends and challenges.

2.2 Stages of IC Testing

Depending on the purpose and the stage at which the test is performed, IC testing 

can be classified into four categories described below.

2.2.1 Characterization or Verification Test

Characterization or verification test is the most comprehensive test performed on 

new designs to verify that the design is correct and within specification, as well 

as to determine the limits o f design operating conditions. The results o f this test 

are usually used as a feedback to correct design errors. This test has to verify the 

product both from a physical as well as functional point of view, proving that it w ill 

be functional for the targeted product life and under the specified environmental 

conditions. This test might include AC and DC measurements, probing o f internal 

nodes o f the circuit, evaluation of the design behavior under different environment 

condition {i.e., temperature, humidity, pressure,...) [18], [115].

2.2.2 Production Test

Production test is typically a short test performed on every fabricated chip that 

results in a pass/fail decision. It is less comprehensive than verification test but 

must enforce the required quality level o f the designs manufactured in a particular 

fabrication run. The goal o f any production test is to verify the device specification 

in the shortest possible test time, and therefore, to reduce the cost which is the main 

driver for production test [191], [148],

10
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2.2.3 Burn-In

Bum-in is a portion o f the test flow dedicated to the acceleration of dormant defects 

that do not appear as defects but could emerge as long-term reliability failures. 

Bum-in ensures the reliability of the fabricated chips. It is a screening process 

which mainly targets a potentially defective or "weak" parts which have shorter 

live spans than the normal ones. Such parts cause early failures, often referred to 

as infant mortality failures. The bum-in process accelerates the aging o f the part 

by exposing it to extreme operating conditions (temperature, voltage supply) and 

higher then usual level o f stress for the extended period o f time. Such conditions 

speed up the deterioration o f materials or electronic components and exponentially 

accelerate the die failure rate [175]. There are many bum-in strategies. They can 

be undertaken at the wafer, die. package, or system level, and can involve single or 

multiple stresses [70], [88], [211].

2.2.4 Incoming Inspection

Incoming inspection of a chip is performed by the system manufacturers before 

integrating the chip into the system. It is established to precisely measure the quality 

o f the received products and to ensure that only good material enters the production 

line. Incoming test strategies attempt to screen out defective parts at the earliest 

possible stage. The most important aspect of this test is to avoid placing defective 

chips into a system where the cost of diagnosis may far exceed the cost o f incoming 

inspection [11], [187].

2.3 Types of IC Testing

Semiconductor fabrication involves several types o f IC test depending on the man­

ufacturing level at which the test is performed (processing, wafer, or package). A l­

though some testing is done during device fabrication to examine the integrity o f 

the process itself, most o f the testing is performed after the wafers have been fabri­

cated. The actual test selection depends on the specific application, manufacturer's

11
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test strategy, available test equipment, and test economics. In general, each chip is 

subjected to parametric and functional test.

2.3.1 Parametric Test

Parametric test measures physical and electrical parameters o f the wafer and behav­

ior o f individual sample components. Parametric test is performed on special test 

structures which are designed to allow fast data collection and to diagnose produc­

tion processes. A  typical test structure could include MOSFETs, diodes, capacitors, 

resistors, bipolar junction transistors, insulation (oxide layers) and conductor (met­

allization) structures. The objective o f this test is to identify small deviations and 

limits o f operation which allow circuit commercial classification. Parametric test 

demands a longer time and a high-precision, complex measurement system. It in­

cludes DC test (e.g., shorts, opens, maximum current, leakage, output drive current, 

threshold levels....), and AC test (e.g., propagation delay, setup time, hold time, 

functional speed test, access time, refresh time, rise and fall time,...) [196]. [21].

2.3.2 Functional Test

Functional test determines whether or not individual IC components produce the 

expected responses. It consists o f the input vectors and corresponding responses 

which are compared with the responses o f the fault-free circuit. The test is intended 

to verify the functional capability of the device under a limited set o f conditions. 

The cost o f functional test is strongly dependent on the circuit complexity [18], 

[202],

2.4 IC Manufacturing Test Steps

An integrated circuit (IC) is an electronic circuit in which a number o f devices are 

fabricated and interconnected on a single chip o f the semiconductor material. Ac­

cording to the present manufacturing practice, integrated circuits are produced in 

the form of processed silicon wafers. While still in the wafer form, the ICs are re-
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Figure 2.1: IC manufacturing test steps [47]

ferred to as dice, and an individual IC is called a die. The process o f cutting the dice 

from wafers and embedding them into mountable containers is called packaging.

Figure 2.1 describes major steps in IC manufacturing process flow with indica­

tion to IC manufacturing phases where those steps are usually performed. A bad 

device is considered any IC that fails to meet one or more specifications at any 

point o f the process. Before fabrication, the design is developed using computer- 

aided-development (CAD) tools and designer verifies desired functionality through 

simulation.

During processing of the wafer, parametric testing is performed to determine the 

quality o f the process and control process errors. Parametric tests measure physical 

and electrical parameters o f the wafer such as the electrical conductivity and behav­

ior of individual sample components (transistors, capacitors, resistors). Parametric 

tests are performed throughout the fabrication process.

Functional testing typically occurs once the wafers are completely fabricated
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and the dice are completely formed and functional. Functional tests measure the 

operational quality of the individual dice. A  large and expensive robotic machine 

presses electrical probes onto the die contacts, input signals are fed to the circuit, 

and output signals are measured. Functional testing simulates normal and abnormal 

operating conditions (e.g.. high, normal, and low voltage tests). The conventional 

approach to die-level functional test (DLFT) is exhaustive wafer test, i.e., all dice 

on all wafers undergo DLFT.

The main purpose o f DLFT is to reduce costs by avoiding packaging defective 

dice. A secondary purpose o f DLFT is to provide rapid feedback to the manufactur­

ing process by detecting and diagnosing faulty manufacturing processes. A  record 

o f what went wrong with the non-working die is closely examined by the failure 

analysis engineers to determine where the problem occurred so that it may be cor­

rected. I f  a die fails the functional test, an ink dot is placed on it. so that it w ill not be 

packaged later. In the case o f inkless binning, a wafer bin map database is updated. 

Then, the wafers are typically shipped to a separate location for packaging.

To convert the wafers into packaged ICs, the wafers are cut into individual dice 

by a high-precision diamond saw. The resulting chips are mounted into packages, 

electrical contacts are bonded in place, and then a protective covering is added. 

Once the ICs are packaged, they are tested again to ensure that the packaging 

process was successful. A  final test is performed to ensure proper handling, bond 

wiring, and packaging. Performance o f the device is checked over the specific tem­

perature range. Package tests usually repeat many o f the functional tests that were 

performed during DLFT.

In the next step, the sample bum-in test is performed only on a selected set of 

IC's. This can be done, for example, using a higher temperature for an extended 

period o f time. Before delivering the product to the customer. Quality Assurance 

(QA) test has to be performed. The need for standardization of QA test was driven 

by globalization in the microelectronics industry. The result o f standardization was 

two popular IS09000 and ISO9001 standards0.

3 hup://vvww. i so.org/
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The main purpose o f apparently redundant tests is to increase the probability 

o f detection o f defective devices in the early stages o f manufacturing process. Ex­

perience has shown that the rule often  [18] is used to describe the cost when a 

defective chip escapes early detection. Catching a defective device in each follow­

ing step multiplies the original cost of manufacturing by an additional factor o f ten. 

Finally, i f  a faulty device reaches the market, it leads to a damaged reputation and, 

ultimately, loss o f market share.

2.5 Defects, Faults, and Fault Modeling

A defect is the physical imperfection in the implementation o f the IC circuit. It 

could be a result o f the manufacturing process but could also occur during the use 

o f the device. A t the chip level, defects could fall into many categories: interconnect 

defects, packaging defects, process problems, and so on. IC fabrication process is 

extremely complex and prone to imperfections such as local contamination, lattice 

shifting, incorrect masks, process errors, insufficient doping, silicon die stress, etc.. 

As a result, a large number o f different physical defects can potentially occur in 

CMOS circuits. Some common silicon CMOS defects are: gate-oxide shorts, metal 

trace resistive opens, metal trace resistive bridges, anomalies in vertical intercon­

nections between metal layers (open or plugged vias), shorted or broken metal lines, 

incorrect threshold voltages, etc.. Defects have very complex physical characteris­

tics and may be significantly different from the simplistic defect models assumed 

by typical fault modeling techniques.

A fault is a representation o f a defect at the higher level o f abstraction. Through 

the abstraction process, a fault model maps a large number of defects into smaller 

number of modeled faults. A fault can be viewed as the failure-mode manifesta­

tion o f the defect. For example, a gate-oxide physical imperfection could effec­

tively short the gate and drain o f a transistor. Such a defect can be represented as a 

transistor-level gate-to-drain short fault. Another example o f a defect mapping to a 

fault is the small metal open on a connection trace. In this case, the logic value can 

still propagate, but only by a tunneling current across the open. As a consequence.
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the propagation o f the logic value is slowed as i f  it were passed through a series 

resistance. The fault model at the circuit level is to represent the defect as a unit 

o f signal delay along the length o f the signal trace. This fault model is generally 

known as a delay fau lt [136].

Fault modeling is the translation o f physical defects to a mathematical expres­

sion that can be operated upon algorithmically and understood by a software simu­

lator for the purposes o f providing a metric for quality measurement. The purpose 

of fault modeling is to augment and generalize the analysis o f the behavior of the 

system in the presence of a defect. It is the way to bridge the gap between the 

physical reality and the abstraction level through which we can apply analytical 

methods and develop overall test strategy for cost effective IC test. The selection of 

the adequate fault model is crucial to achieving a high quality o f testing.

Faults could be modeled at different abstraction levels. For example, a behav­

ioral fault model has fewer implementation details, and fault models at this level 

may have no obvious correlation to manufacturing defects. On the other hand, 

faults modeled at the gate or transistor level, such as shorts or opens, are some­

times referred to as defect-oriented faults since they represent defects modeled by 

the faults at the physical level [18]. Some of the most common fault models sup­

ported in modem VLSI and core-based digital design are the single stuck-at fault 

DC model, transition fau lt model, and path delay fau lt AC model.

2.6 Die Failure Mechanisms

There are numerous mechanisms of semiconductor failures [52], [56]. Generally, 

they could be classified into three groups: intrinsic (process induced) failures, ex­

trinsic failures, and operating-environment-related failures.

Failures inherent to the semiconductor die itself are defined as intrinsic. Intrin­

sic failure mechanisms tend to be the result o f the wafer fabrication which is the 

front-end o f the manufacturing process. Intrinsic failures including crystal defects, 

dislocations, spot defects, mask misalignments, processing defects, ionic contam­

ination, and surface charge spreading are only few of many examples of intrinsic
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failure mechanisms. Foundries invest a great effort to control the above fabrication 

related failure mechanisms by designing a fabrication process which minimizes un­

necessary stresses applied to the wafer and maintains environment cleanliness to 

eliminate contamination [91], [109], [41], [188].

Extrinsic failures result from device packaging, metallization, bonding, die at­

tachment failures, particulate contamination, and radiation of semiconductor man­

ufacturing. Extrinsic conditions affecting the reliability o f components vary ac­

cording to the packaging and interconnection processes o f semiconductor manu­

facturing [91]. In the following paragraphs we outline most common operating- 

environment-related failure mechanisms [54], [55].

2.6.1 Electromigration

Electromigration (EM) is a mass transport due to momentum exchange between 

conducting electrons and diffusing metal atoms. It causes progressive damage to 

the metal conductors in an integrated circuit. It is characteristic of metals at very 

high current density and high temperatures. Eventually, EM leads to catastrophic 

and irreversible breakdown. As the technology scales down, the wires become 

thinner and more prone to EM effect. Most technologies today use copper instead 

o f aluminium in order to reduce interconnect resistivity and minimize the effects of 

electromigration [135].

2.6.2 Hot-Carrier Injection

Hot-carrier injection (HCI) stems from large electric fields below the gate oxide, 

which allow electrons to gain energy and embed themselves in the dielectric. With 

designs moving into deep sub-micron levels, shorter channel lengths cause the elec­

tric field in the channel to become larger. This causes more electrons to become 

energetic or "hot” . Some of these hot electrons w ill damage a channel-oxide inter­

face and lead to circuit performance degradation [48]. The HCI effect contributes to 

the total leakage current of short channel MOSFET devices. We discuss it in more 

details in Chapter 3, Subsection 3.4.8, on page 56.
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2.6.3 Electrical Over-Stress

Electrical over-stress (EOS) results in the circuit destruction because o f excessive 

voltage, current, or power. A  typical EOS damage involves discolored, burnt, or 

melted metal lines. Improper excitation settings or voltage spikes in the excitation 

source are common causes o f EOS damage. EOS damage is not always obvious 

though. Some EOS events leave no apparent physical manifestation on the die sur­

face at all. Such EOS events can still render the affected component non-functional 

even i f  no physical anomalies are observable. Weak EOS events may shift the 

parametric performance of the affected component which can affect the overall per­

formance of the device.

2.6.4 Junction Burn-Out

Junction bum-out is a destruction o f a p-n junction as a result o f excessive power 

dissipation from an electrical over-stress (EOS) or electrostatic discharge (ESD) 

event [48], [210]. It is usually in the form of a silicon meltdown at the junction 

itself, causing the junction to become open or shorted.

2.6.5 Dielectric Breakdown

Dielectric breakdown refers to the destruction o f a dielectric layer, usually as a re­

sult o f excessive potential difference or voltage across it. It is usually manifested as 

a short or leakage at the point o f breakdown. The permanent breakdown o f an oxide 

dielectric is also usually referred to as oxide rupture or oxide breakdown. The most 

common cause o f dielectric breakdown in devices is electrical over-stress (EOS) or 

electrostatic discharge (ESD). Both o f these events can expose the dielectric layer 

to high voltages [117], [193].

2.6.6 Metal Burn-Out

Metal bum-out implies the total destruction o f a metal line from excessive current 

or high power dissipation. This is the most obvious manifestation o f the gross 

electrical overstress (EOS) damage, although not all EOS-damaged devices exhibit
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a metal burn-out. Metal burn-out is often accompanied by carbonized plastic and 

discoloration o f the metal around it. Metal lines may become open after metal 

burn-out.

2.6.7 Slow Charge Trapping

Slow charge trapping refers to the long-term retention o f electrons in the gate ox­

ide of a MOSFET device due to the presence o f imperfections in the gate oxide 

interface. These imperfections or traps include structural damage, defects, and im­

purities in the oxide. Trapped charges in the oxide can shift the threshold voltage 

o f the device. Improved oxide growth to minimize trap density w ill minimize the 

occurrence o f slow trapping. Slow trapping is prevalent in EEPROM4 memory de­

vices that require carrier movement through the oxide for proper operation [137],

2.7 Opens and Shorts

In the previous paragraphs, we defined the terms defect, fault, and briefly intro­

duced most dominant failure mechanisms. Numerous failure mechanisms produce 

defects which manifest themselves as open and short faults. For example, gate- 

oxide breakdown close to the drain-gate/source-gate overlap could effectively short 

the gate and drain/source o f the MOSFET device. Similarly, a spot defect due to 

the impurity o f the process could bridge two neighboring interconnection lines. A l­

ternatively. the effects o f electromigration could lead to the breakdown of a metal 

conductor making it either open circuit or series resistive line. Due to the high oc­

currence probability o f open and short defects in IC circuits, consideration o f such 

defects as well as their realistic and effective modeling is a crucial part o f a suc­

cessful defect detection process. Sample micrographs of the actual IC defects are 

shown in Figure 2.2.

Opens and shorts are the faults which could be modeled at the gate or transistor 

level. Since they are faults produced by failure mechanisms and map closely the

4Electricallv-Erasable Programmable Read-Only Memory
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(a)

(b)

(c)

Figure 2.2: Micrographs o f short and open defects [ 146]: a) Bridging o f seven metal 
lines caused by unexposed photoresist: b) Shorting o f four metal lines by a particle 
on the metal mask: c) Shorts and opens o f metal lines caused by a scratch in the 
photoresist: d) Short among multiple metal lines by a metallization defect o f 1 /un 
in size; e) Short between two A1 lines due to metallization defect; f) Inter-layer short 
between two A1 interconnects in 0.5 pm technology; g) A  foreign particle causing 
a line open and a line thinning: h) A contaminating particle causing 7-line opens: i) 
A defect which caused an open in metal 2 and a short in metal I .

actual physical defects, opens and shorts are also classified as defect-oriented faults 

[18]. In the literature, they are usually referred to as defects [173] or faults [100] 

depending on the level o f abstraction at which they are modeled. Nevertheless, 

exceptions to this rule can also be found [222].

2.7.1 Open Defects

An open defect [126], [20] represents unwanted impedance between two nodes on a 

signal line that is supposed to conduct perfectly. For the open defect, the impedance 

value is predominantly resistive. The resistance o f such a defect may have any 

value. A catastrophic open assumes infinite resistance between its nodes. The 

fact that open defects generally result in negligible capacitive coupling between the 

broken nodes has been substantiated by Henderson et al. [57]. Open defects within 

MOSFET device can cause the gates o f transistors to be disconnected from the rest
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of the circuit. The behavior o f the devices with such defects, known as floating gate 

transistors, has been studied in [67], [152],

2.7.2 Short Defects

A short defect (also called bridge) represents unwanted impedance between any 

signal lines including a power supply line and ground. For a short defect, the im­

pedance value may have resistive and capacitive components. The resistance may 

have any value, while the capacitance is bounded by some given realistic limits. A 

catastrophic short assumes zero resistance between its nodes. Due to the nature 

o f failure mechanisms which cause short defects, it is highly unexpected for the 

parasitic capacitance to have a high value [100]. In the experiment conducted by 

Rodriguez-Montanes et al. [159], the authors found that the majority o f bridges 

have resistances below 500 Cl, and only small percentage o f them have a resistance 

between 500 Cl and 2 k£2.

2.7.3 Gate-Oxide Short Defects

A gate-oxide short (GOS) is a defect causing a low impedance between the gate 

and one o f the other regions of a MOS transistor (drain, source, or substrate). The 

relative impact o f GOS in the quality o f ICs with very low expected defect levels and 

high reliability is a key issue. Among the wide set o f possible failure mechanisms 

in ICs. the one which produces a GOS defect is the breakdown of the gate oxide 

which has been the dominant mechanism failure for CMOS ICs [173], [153]. [50J.

The analysis o f this defect behavior is a complex problem. One of the main 

challenges comes from the uncertainty o f the defects' parameters, preventing accu­

rate prediction o f the defect behavior. The mechanisms of the defect appearance 

are obviously not controlled, resulting in electrical situations with unknown para­

meters. A  challenging but realistic model of defect behavior should incorporate the 

random parameters. Using a simple example of a catastrophic short or open defect 

in fault modeling is not sufficient for comprehensive defect-based test.
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2.8 Functional vs. Structural Testing Strategy

Functional test has the goal to determine i f  a unit functions properly. An exhaustive 

functional test assumes a complete set of all input signal patterns which fully test 

a circuit function. This is the best test for any device since any defective IC would 

be identified. However, even for circuits with a relatively small number o f inputs 

and/or type o f input signals, this kind of testing becomes impractical and very often 

impossible due to a number o f practical limitations including: limited tester mem­

ory. limited test application time. etc.. Functional testing alone cannot offer the 

quality and defect coverage required for today's integrated circuits.

Structural test methods offer an alternative to exhaustive functional test. Rather 

than test for the correct operation o f the complex function, structural test targets 

defects through a selected fault model. Depending on the type o f fault model and its 

abstraction level, the structural test could uncover defects within the gates, devices, 

and interconnects within them. Defect-based test (DBT) is a structural test method 

which targets physical defects via more realistic, less-abstract fault models. The 

primary motivation in augmenting structural testing with DBT is to make up for 

some of the potential quality losses in migration to structural test methods as well 

as to meet the challenges o f sub-micron defect behavior. Although the impact of 

DBT on defects per million products shipped is not well characterized, many studies 

o f DBT show that it improves product quality.

In comparison to functional test, structural test uses a smaller set of test patterns 

generated to detect targeted faults. In this way it is possible to achieve high test 

quality with increased efficiency of the test resources, resulting in a significantly 

reduced cost o f test [76]. A minimal set o f modeled faults is found after discarding 

equivalent faults in a process known as fau lt collapsing. Faults are partitioned into 

classes and only one fault per class is considered in the fault simulation and test 

generation analysis [102], [113].
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2.9 Fault Metrics

Fault coverage is a common metric used in the testing o f IC circuits. It is an ac­

cepted measure o f the quality o f an IC test, and is defined as the percentage of the 

ratio o f the number o f detected faults over the total number o f all possible faults.

. _ r_ , Number o f  Detected Faults
Fault Coverage[%] =  ——-----——— ;------- — — :------100 (2.1)

Total Number o f  Faults

Sometimes, the total number o f faults in the design is not used as the denominator o f 

the measurement process, but is reduced by the number of untestable faults which 

cannot be detected by any input test pattern. Such an approach might not produce a 

reliable and meaningful fault coverage measure [ 1].

In some cases, it is more meaningful to quantitatively evaluate the effectiveness 

o f the test using fau lt efficiency. Fault efficiency is introduced as an alternative met­

ric to the fault coverage to avoid a declining value of coverage due to the untestable 

faults. Fault efficiency is defined as the percentage of detected faults for all testable 

faults.
r- ; r r r -  • Number o f  Detected Faults
Fault Efftciency\%\ = ------- ----------------- - r~ z — 7— -100 (2.2)

Number o f  Testable Faults

2.10 Generation of Test Patterns

The objective of (automatic) test pattern generation (ATPG) is to find a set of input 

signals which, when applied to the circuit under test, enable a tester to distinguish 

between the correct and faulty circuits. The effectiveness of the test sequence is 

measured by the achieved fault coverage and the number o f generated vectors/sig­

nals, which is directly proportional to the test application time.

Selected test signals enable a fault detection process which consists of two 

phases: fault activation and fault propagation. A test sequence can not be success­

fully performed unless the signal paths are available to enable both fault activation 

(controllability) and fault propagation (observability). Fault activation attempts to 

establish a signal value at the fault site different o f that produced by the fault. Fault 

propagation transports the fault effect from the fault site to the outputs [18].
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2.11 Design for Testability
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Design-for-testability (DFT) is the most important aspect o f IC design and test. It 

is a part o f the design process with the objective of improving the testability of an 

IC. DFT could be defined as adding logic, circuitry, or features to a design in order 

to enable or enhance the ability to achieve high quality test metrics. It is a way 

to ease the generation o f test signals, to minimize the time involved with the test 

application, and to reduce the overall cost associated with the test. DFT assumes 

special implementation techniques which enable controllability and observability 

o f IC s internal nodes, and. as a result, enable development of high fault coverage 

test programs which can efficiently and quickly test an IC.

There are numerous DFT implementation strategies. They can be either ad- 

hoc or structural [47]. Ad-hoc DFT methods rely on good design practices but are 

not suitable for large or deeply integrated circuits. Structural DFT approaches are 

supported by the extra circuitry which allows access and test according to some 

predefined procedure. Some of the structural DFT methods are developed to target 

specific types of circuits, e.g.. digital [203], analog/mixed [154], and memory [142]. 

In the following sections, we identify commonly used structural DFT approaches.

2.11.1 Full Scan

Full scan is a structured design approach where all o f the internal latches are config­

ured into one or more shift registers. In this way, the values of connected memory 

elements can be controlled or observed during the test mode by shifting the desired 

values into the register or shifting the content out of the register. This ensures con­

trollability and observability o f all the latches. Scan designs dramatically reduce 

the complexity o f testing at the expense of a larger chip area because o f converting 

regular flip-fiips into larger scan flip-flops. As a result, the latches become tools 

for the purpose of test applications and observations. A full-scan design is often 

considered the best DFT approach [18], [134]. However, the test application time 

increases as the length of the scan chain increases.
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2.11.2 Partial Scan

Partial scan is an alternative to full scan. Instead of creating shift registers using all 

internal latches, only some selected flip-flops/latches are scanned. Usually, mem­

ory elements with poor controllability are selected for scan. The objectives o f this 

approach are to minimize the area overhead, improve performance, shorten the scan 

sequence length, and achieve required fault coverage. Partial scan provides a trade­

o ff between the ease of testing and the costs associated with scan design. However, 

the key problem in partial scan design is the selection o f scan registers. Although a 

non-scan flip-flop or latch might be slightly smaller and have a slightly faster setup 

time than its full scan equivalent, any potential advantages of partial scan design 

must be carefully evaluated [134].

2.11.3 Boundary Scan

Boundary scan is a DFT approach that can be utilized at the board level. IC com­

ponent level, or system level. It consists o f placing scannable latches adjacent to all 

chip's primary inputs and outputs as shown in Figure 2.3. These latches are called 

boundary scan cells which permit control of primary inputs and observability of 

primary outputs. The boundary scan architecture has developed into the industrial 

standard IEEE Standard Test Access Port and Boundary-Scan Architecture. IEEE 

Std 1149.1-2001 [65], [8], [218]. This standard defines the test logic that can be 

included in an integrated circuit to provide standardized approaches to:

•  testing the interconnections between integrated circuits once they have 

been assembled onto a printed circuit board or other substrate;

•  testing the integrated circuit itself;

•  observing or modifying circuit activity during the component's normal 

operation. The test logic consists o f a boundary-scan register and other 

building blocks and is accessed through a Test Access Port (TAP).
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Figure 2.3: Boundary-scan architecture uses a boundary-scan cell (BSC) at every 
I/O pin which can interrupt normal data, sample data and inject test data according 
to the IEEE 1149.1 instruction set.

The circuitry defined by this standard (Figure 2.3) allows test instructions and 

associated test data to be fed into a component and, subsequently, enables the re­

sults of execution o f such instructions to be read out. A ll information (instructions, 

test data, and test results) is communicated in a serial format. The sequence of 

operations is controlled by a bus master, which could be either an automatic test 

equipment (ATE) or a subsystem that interfaces to a higher-level test bus as a part 

o f a complete system architecture. Control is achieved through signals applied to 

the Test Mode Select (TMS) and Test Clock (TCK) inputs of the various compo-
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nents connected to the bus master.

Starting from an initial state in which the test circuitry defined by this standard is 

inactive, a typical sequence o f operations would be as follows. The first step would 

be to load serially into the component the instruction binary code for the particular 

operation to be performed. Once the instruction has been loaded, the selected test 

circuitry' is configured to respond. In some cases, however, it is necessary to load 

data into the selected test circuitry before a meaningful response can be made. Such 

data is loaded into the component serially in a manner similar to the process used 

previously to load the instruction. After execution o f the test instruction, the results 

o f the test can be examined by shifting data out of the component to the bus master. 

In cases where the same test operation is to be repeated with different data, new test 

data can be shifted into the component while the test results are shifted out. There 

is no need for the instruction to be reloaded. Operation o f the test circuitry may 

proceed by loading and executing several further instructions in a similar manner 

and would conclude by returning the test circuitry and. where required, on-chip 

system circuitry to its initial state.

This standard has been widely adopted by the semiconductor industry, and the 

boundary scan architecture has become a part of almost every large-scale IC in­

cluding microprocesors (MP), digital signal processors (DSP), application-specific 

integrated circuits (ASIC), and systems-on-chip (SoCs).

2.11.4 Mixed-Signal Test Bus

The mixed-signal test bus (IEEE 1149.4 standard) is an extension of the IEEE 

1149.1 standard and consists o f additional structures which support analog test op­

erations to be performed in a consistent and coordinated manner [64], [74], The 

overall structure of a component which conforms to the basic IEEE 1149.4 standard 

is illustrated in Figure 2.4. The aim of the test structures described in this standard 

is to provide test access to individual component pins, and to reduce or eliminate the 

need for the ATE to make direct physical contact via mechanical probes. However, 

the standard doesn’t eliminate the need for an analog tester. The standard defines
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Figure 2.4: Mixed-signal test bus standard architecture with a minimally configured 
component

test features to be included in a mixed-signal (analog and digital) component, to­

gether with associated test protocols, to provide standardized approaches to

•  testing for opens and shorts among the interconnections;

•  making passive elements characterization measurements (parametric test);

•  testing the internal circuitry o f the mixed-signal component itself.

Mixed-signal test bus consist o f analog boundary modules (ABMs) for every 

analog function pin. allowing access for analog test signals through the analog test 

access port (ATAP) which consists of two pins (ATI and AT2), a test bus interface 

circuit (TBIC). and an internal analog test bus with two lines (ABI and AB2). The 

boundary modules associated with the digital pins are identical to the boundary 

cells, or groups o f boundary cells, as specified in IEEE 1149.1. Boundary modules 

on analog pins form the main subject o f this standard, in which they are mandatory.
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Each ABM has associated with it a set o f voltages (V//, Vi, and Vg) needed to drive 

analog pins for interconnect tests.

Part o f the manufacturing process for semiconductor wafers is the inclusion of 

the ‘process monitors' on the wafer. These monitors consists o f group o f transis­

tors with sufficient probing access to characterize the parameters. The probe pads 

consume most of the area required by process monitors. This standard can pro­

vide significant wafer area savings by eliminating the area associated with probe 

pads and provide better wafer test information after the part is packaged, while the 

component is assembled on the board, or after the component is removed from the 

board for failure analysis. Besides the benefits, the mixed signal test bus has sev­

eral limitations such as inherent measurement error, limited linearity of the interface 

circuitry, and the limited bandwidth of the system [205].

2.11.5 Built-In Self-Test

Built-in self-test (BIST) is the capability o f a circuit, chip, board, or system to test 

itself. A BIST scheme incorporates the additional circuitry to the design which is 

capable o f generating test signals on-chip, applying them to the circuit, and process­

ing the responses.

BIST is beneficial in many ways. It provides better test access, fault detec­

tion and diagnosis, higher yield, improved design and verification, shorter time-to- 

market. lower test program development costs, reduced test time, and design and 

test reuse. In addition, BIST can overcome pin limitations due to packaging, make 

efficient use o f the available extra chip area, and provide more detailed information 

about the faults. BIST is an attractive test solution since it allows at-speed testing 

(i.e., test at the intended operating speed of the circuit), thus solving timing accu­

racy and test time related problems encountered with traditional external testers. 

Moreover. BIST drastically reduces the amount o f test data exchanged with the 

tester, which greatly minimizes or even eliminates the need for complex external 

testing equipment. Finally, BIST may relieve the tester memory capacity prob­

lem and the problem o f poor accessibility to internal nodes inside the design. On
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the other hand, implementation o f the BIST undoubtedly incurs an area overhead, 

performance penalty, and increased design effort and time. Therefore. BIST appli­

cation costs vs. benefits should be carefully evaluated in each particular situation 

[204].

Specific implementation o f the BIST designs depends on the type o f test and 

the type o f the circuit which is subjected to test. Numerous BIST implementation 

solutions have been proposed. Although the BIST concept originates from digital 

and memory circuits where it is presently widely used, techniques for applying 

BIST ideas to analog, radio-frequency (RF), and mixed-signal devices have recently 

been attracting considerable industrial interest in attempt to alleviate increasing test 

related difficulties. Related research has been presented in the area o f RF BIST 

[104], [209]. mixed-signal BIST [197], [145], analog BIST [59], [207], logic built- 

in self-test (LBIST) [58]. [31]. and memory built-in self-test (MBIST) [223]. [18].

Design-for-test methodologies provide a platform for the efficient application 

o f a variety o f test techniques for integrated circuits. The new failure modes being 

observed in the present generation o f IC circuits raise an important question: Can 

traditional test strategies, built around existing fault models, meet the test challenges 

in emerging deep submicron technologies, or do we have to increasingly rely on 

defect-based test methods that directly target physical defects? The answer to this 

question must be given in the context o f current-based testing as defect-oriented 

testing which has the strong potential to better handle emerging defect types in 

nanometer devices compared to conventional test. In the next chapter, we introduce 

current-based testing.
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Chapter 3 

Current-Based Testing

3.1 Introduction

The ability to observe and measure the supply current flow within an integrated cir­

cuit has proven to be a useful means to detect defects and improve testability. The 

fundamental principle o f the current-based test method for CMOS circuits assumes 

that defective circuits consume a measurable and significantly different amount o f 

supply current compared to the current consumed by the defect-free circuits. In 

the presence o f defects, the level and the wave shape o f the supply current changes, 

providing us with a tool to detect a faulty device. Over the last two decades, current- 

based testing has progressed to become a worldwide accepted test method to detect 

IC defects in CMOS circuits. The value o f current-based test such as quality im­

provement. test cost reduction, and bum-in elimination have been well recognized 

[53]. [116].

3.2 Historical Perspective

Frank Wanlass at Fairchild Semiconductor1 proposed and published the idea o f the 

CMOS circuit topology [214], He noticed that a complementary circuit including 

NMOS and PMOS transistors consumed very little current under steady state con­

ditions. A CMOS topology shrank standby power by several orders o f magnitude 

over equivalent bipolar or PMOS logic gates. On June 18, 1963 Wanlass applied

1 http://www.rairchildsemi.com/
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for a patent which was issued four and a half years later for 'Low Stand-By Power 

Complementary Field Effect Circuitry’ . Today. CMOS forms the basis o f the vast 

majority o f all high density ICs.

Since the inception o f the semiconductor industry, current-based test has been 

an important part o f the IC testing process. It has been used to detect catastrophic 

short circuit defects (shorts) and has been generally referred to as static Idd  test. 

With the invention o f the CMOS circuit topology, the current-based test expanded 

further. The inherent property o f the CMOS logic is a low current in its static state. 

This property was a foundation on which researchers developed a new current-based 

test methodology. The present form o f quiescent current-based test for CMOS cir­

cuits. known as I d d q  test, was first publicly proposed by Mark W. Levi in 1981 

[99]. The initial idea has evolved further, and by the mid 1980's, I d d q  test was 

recognized as an effective means to detect physical defects such as bridges and gate 

oxide shorts in CMOS logic circuits.

In the early stages o f I d d q  test development, beside government and defense 

labs, few commercial semiconductor manufacturers included I d d q  test as a part of 

their overall test suite. At that time, static Idd test was mainly used in the semi­

conductor industry. Although this type o f current test could be regarded as a single 

I d d q  measurement, it is identified by a different name (static I d d  test. I-test. easy 

current test, etc .) and considered separately from I d d q  testing which implies multi­

ple current measurements. By the mid 1980s. semiconductor manufacturers started 

to recognize I d d q  testing as an effective means to detect physical defects [146].

Even before the CMOS technology became the mainstream, semiconductor 

companies were aware of the limitations o f the stuck-at fault model and the fact 

that many physical defects were not adequately described by this model. Conven­

tional testing in the voltage domain was not sufficient to provide required quality 

standards, and testing methods which target layout-dependent, process-oriented de­

fects were needed.
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The defect-oriented simulation approaches, such as inductive fault analysis2, 

clearly showed that many defects were not well represented by existing stuck-at 

fault models, and were not detected by the conventional testing [32], [69]. This 

became even more evident as the minimum feature size o f the MOSFET device 

was scaled down below 1 pm. Particle (spot) defects became the dominant cause of 

failure [109].

As defect-oriented test, I d d q  has gained a wider acceptance in the semiconduc­

tor industry. I d d q  testing is seen as not only a supplement to the functional/logic 

testing but also an important part o f reliability testing [144], [53]. I d d q  test requires 

little work by the circuit designer, negligible or no area overhead or increase in die 

size, and only a small number of vectors in the I d d q  test set. In the mid 1990s, 

a number o f studies were conducted to correlate the effectiveness o f I d d q  test­

ing with conventional reliability screenings (stress testing) and burn-in [53], [155], 

[ 12], [77], Many companies started using I d d q  testing as a supplement to reliability 

screening, which reduced standard bum-in time and resulted in a higher quality of 

their products [146], [108], [144], I d d q  test plays a key role in defect-based testing 

necessary to meet the challenges presented by the technology scaling.

3.3 Power Supply Current Test Concepts

During the last decade a lot o f research work has been done to further develop 

and improve current-based test methodology and extend its application versatility. 

As a result, a variety o f current-based test methodologies have been proposed and 

utilized in the semiconductor industry.

A typical pattern of the power supply current during the operation of a CMOS 

digital or mixed signal circuit is shown in Figure 3.1. In general, two components 

can be distinguished: quiescent, I d d q , current and transient. I d d t -  current. I d d q

2 Inductive fault analysis (IFA) is a systematic method for determining the realistic faults likely 
to occur in a V LS I circuit. This method takes into account the circuit’s fabrication technology, 
fabrication delect statistics, and physical layout. The inductive approach o f characterizing faults, 
by drawing conclusions based on analyzing the particulars of low level fault-inducing mechanisms, 
departs from the traditional scenario of simply assuming a convenient high-level fault model.
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Figure 3.1: Power supply current components

current is leakage current, also called background or o ff current. I d d t  current is 

produced by the circuit during the transition period. Current-based test can effec­

tively exploit either o f the two components as a tool for defect detection and. as 

such, it is called I d d q  or I d d t  test. The following paragraphs present fundamentals 

of each methodology as well as a brief overview of different test approaches.

I d d q  test is a defect-based test that measures the device supply current under steady 

state conditions. In a stable state, fully static CMOS circuits consume very little 

power which is due to the leakage current only. The basic principle of I d d q  test 

is founded on the concept that defective circuits produce an abnormal or at least 

significantly different amount of supply current compared to the current produced 

by the defect-free circuits. Such defects may have a direct influence on the func­

tionality of the circuit (functional failure) or may negatively affect the lifetime and 

reliability of the circuit (early-lifetime or infant mortality failure) [ 12], [212].

The basic premise of I d d q  test could be clearly understood with the help of 

the simple CMOS NOR gate circuit shown in Figure 3.2. As indicated, this NOR 

gate contains a gate-oxide defect which effectively shorts the source and the gate of 

the PMOS transistor. Figure 3.3 displays how this defect affects the power supply 

current. Two waveforms compare Id d q  currents o f the defective and defect-free

3.3.1 I d d q  Test
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Figure 3.2: Defective NOR gate

NOR gate. When inputs A ^  0 or B ^  0, stable state quiescent currents drawn from 

the power supply are identical in both cases since a defect in PMOS device is not 

activated {i.e.. two nodes connecting the defect are not driven to the opposite voltage 

levels). The input combination A — 0 and B  — 0 activates the defect by establishing 

a low resistive path between Vdd and ground which conducts current proportional 

to the resistance of the defect. With 1.2 V  power supply, 50 kO defect resistance 

elevates total Id d q  for 24 p A . This additional current clearly signals a defective 

circuit.

Defective chips usually have the level of the supply current measurably different 

from the defect-free devices. Id d q  current o f the manufactured chips is intrinsically 

statistical and could be approximated by the normal distribution. Therefore, the 

mean and standard deviation are two important parameters to be considered when a 

line is to be drawn between the Id d q  currents of good devices and defective devices. 

The ideal distribution of the Id d q  values for a collection o f faulty and fault-free 

chips is shown in Figure 3.4. The first normal segment of the distribution depicts the
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Figure 3.3: Faulty and fault-free Iddq current

I d d q  values in the good product. At the high end o f the I d d q  values, another normal 

distribution appears as a result of some of the defective parts drawing excessive 

current from the power supply. I f  a current threshold can be established between the 

two segments o f the distribution which separates the good and the defective product, 

a potentially efficient test may be obtained. Any CMOS IC that falls below the 

threshold is classified as good product while those above the threshold are classified 

as defective product.

The positioning of this threshold is very important in an Iddq test methodology. 

I f  the threshold is too close to the mean for the good product, a significant number 

o f good parts may be wrongly classified as defective; this translates to a loss o f 

yield making the test uneconomical. Moving the threshold to higher I d d q  values 

may result in ineffective I d d q  tests. Thus, for I d d q  testing to be successful, it is 

very important that the means o f the two normal segments o f the distribution be 

separated by a significant amount [216].
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Figure 3.4: Faulty and fault-free distribution o f I d d q  current values

I d d q  test is most effective in detecting catastrophic or resistive shorts (bridges) 

between two switching nodes or a signal and power supply line (both categories 

referred to as an active or pattern-dependent defect/fault3), or between Vdd and 

ground (called a passive or pattern-independent defect/fault). An active fau lt in­

creases the leakage for some (but not all) input patterns while a passive fau lt in­

creases leakage for all input patterns. An active defect degrades functionality o f a 

chip (due to reduced noise margin, etc.). For this reason, several I d d q  test meth­

ods are targeted towards discarding chips with active defects. Passive defects may 

not affect the functionality of the circuit. However, as previously mentioned, they 

present a reliability concern.

The Iddq test technique can be applied at the wafer level, at packaged device 

level, during incoming inspection, during life tests or even as on-line test.

3.3.2 I d d t  Test

The current consumption of CMOS digital circuits exhibits sharp transient current 

peaks that appear during switching activity o f the circuit. Certain defects might 

cause transient current o f a defective circuit to be different from a defect-free one 

[90], [167]. Even though only I d d q  techniques have been used in practice, it has

■'In th e  l i t e r a t u r e ,  defect-oriented fau lts  a r e  in te r c h a n g e a b ly  r e f e r r e d  to  as  fau lts  or defects.
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Figure 3.5: Faulty and fault-free Idd current o f simple CMOS inverter in the pres­
ence o f the 50 O open defect -  suppressed transients indicate open defect

been proven that some defects, such as opens, do not significantly affect quiescent 

current and cannot be effectively detected by I d d q  test. Nevertheless, these types of 

defects affect a transient and frequency response of the circuit and could be detected 

by the I d d t  testing [51], [221], [167], [121]. Consequently, I d d t  can be used as a 

powerful complementary technique.

I d d t  testing is based on the observation that a proper working circuit draws a 

lot of current at the moment when it changes from one state to another. This part of 

the supply current is called the switching or transient current. Using the switching 

or transient current as the source o f information to differentiate between good and 

defective circuits has only recently been the subject o f various research activities. 

I d d t  measurements are done when the circuit under test is active, opposite to the 

I d d q  approach, where the measurement is taking place when the circuit is in a 

quiescent or stable state.
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The problem o f extracting useful information from fast switching transient cur­

rents has been a main impediment in the development o f reliable I d d t  test methods. 

The I d d t  decision criterion is based on the observation o f two parameters: the peak 

value o f the transient current, and the shape and duration o f the transient pulse [66], 

[143]. Figure 3.5 displays power supply currents o f the simple 0.13 pm CMOS 

inverter with and without open defect. Suppressed transients clearly indicate the 

presence o f the open defect in the circuit.

Manufacturing defects affecting the functionality, timing parameters, or the cir­

cuit operation are also influencing the transient current o f the circuit. The peak value 

of the transient current is related to the amount o f switching activity that has taken 

place and the timeframe in which this activity happens. The fact that under certain 

conditions the peak value is higher than expected (more activity than expected) or 

is lower than expected (less activity than expected) might indicate the presence of 

a manufacturing defect in the circuit. Alternatively, the same applies for the charge 

involved in the switching action. Charge measurements can be done by integrating 

the I d d t  over a specific time interval. When activated, manufacturing defects w ill 

cause more or less charge to be involved in the switching action. Defects producing 

delay faults cause current (charge) to flow over a longer period o f time. Therefore, 

a charge measurement, where charge is measured during a predefined period, is an 

alternative for delay testing.

The quality o f a dynamic current test is degraded by normal process variations 

which cause the current consumed by a fault-free circuit to vary substantially [72], 

It has been reported that the impact o f process variations can be markedly reduced 

and the fault coverage improved using the energy consumption ratio (ECR) test 

metric, which is based on the average dynamic current consumption of a circuit 

[71].

Another alternative dynamic current-based method for fault detection and lo­

calization using wavelet transform based Id d  waveform analysis has been proposed 

in [14], [128]. The authors claim that the time-frequency resolution property of 

wavelet transform helps detect and localize faults in digital CMOS circuits.
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3.3.3 Power Supply Current Test of Digital Circuits

The power supply current monitoring technique is now a well established structural 

test method for digital CMOS circuits. Many studies showed that some potential 

defects in digital CMOS devices could be detected only by applying current-based 

test. Also, the supply current measurements provided a way to detect other faults 

more easily then functional test. The research revealed that current-based meth­

ods have been very efficient in detecting majority o f defects causing functional or 

timing failures in digital circuits [53]. Also, it has been shown that Id d q  testing 

can be a suitable technique to replace or complement burn-in testing and that, in 

combination with voltage stress, it could be a very efficient quality and reliability 

screening technique [77], Other studies indicated that the I d d q - only failures were 

likely candidates for early life time failures and field returns [45].

Detection of defects in integrated circuits assumes excitation and propagation 

of the defective behavior to an output. Therefore, any test approach must satisfy 

both excitation and propagation requirements. Achieving these requirements is d if­

ficult for voltage-based test methods. On the other hand, current-based test uses 

power supply lines for observation, so there are no special propagation require­

ments. Since power supply lines generally offer unhindered observability, test gen­

eration effort involves only excitation o f possible defect sites.

Another factor affecting the test application time is the level o f parallelism, that 

is, the number of cores the tester can handle simultaneously. Parallelism can be also 

be thought o f in the context o f the parallel propagation of the faulty behavior to the 

same output. Practically, one set o f input test patterns can probe numerous gates 

for various defects, all o f which w ill manifest themselves in the change of only 

one parameter - power supply current. Given the high test parallelism associated 

with supply current testing, there is a reduction in the test effort required to achieve 

a certain quality level, when using supply current measurements in comparison to 

traditional voltage based screening.
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Table 3.1: Projected Performance-Oriented IC Iddq Values (Source: The Interna­
tional Technology Roadmap for Semiconductors. Semiconductor Industry Associ­
ation. 2003)

Year Maximum I d d q

2001 30-70 mA

2003 70-150 mA

2005 150-400 mA

2008 400-1600 mA

2011 1.6-8 A

2014 8-20A

Table 3.1 shows expected I d d q  current values for high performance integrated 

circuits in future technologies. These values should not used as a precise reference; 

rather they are meant to provide relative values as technology scales. These num­

bers may be several orders o f magnitude lower for low-power devices. The ranges 

are derived from the maximum device I o f f * transistor counts, typical W /L ratios, 

and assuming a percentage o f o ff transistors [182].

3.3.4 Power Supply Current Test of Analog Circuits

Inspired by the success of current-based screening o f defects in digital circuits, 

researchers tried to evaluate the applicability o f the Idd monitoring technique for 

testing analog and mixed-signal circuits. The idea was to apply, with certain re­

strictions, the same principle o f digital circuit current-based test to analog circuits 

[185]. Nevertheless, the huge success in current monitoring for digital circuit has 

not produced the same results in the testing o f analog circuits. On the contrary, 

many attempts to apply similar approach to detect defects in analog circuits have 

failed to produce strong and reliable alternative to the existing specification based 

analog testing. Due to the nature o f analog devices, applying power supply current 

testing to analog circuits has been a challenging task [34].

Analog circuits have complex relations between input and output signals. Tests 

for analog circuits are generated directly from the circuit specifications, without
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reference to an analog fault model. With a large number o f specifications, testing 

has become exceedingly expensive and time consuming. An even more difficult sit­

uation occurs when testing highly integrated analog devices. Today system-on-chip 

devices provide a level o f integration far beyond traditional mixed-signal circuits. 

The observability and accessability of internal nodes is significantly reduced, and 

functional testing o f analog devices in such environment is becoming very difficult 

[27],

As a result, researchers have attempted to develop a structural, model-oriented 

test method for analog circuits which would ease the difficulties, and enable real­

istic and efficient test application. A  number o f current-based test methods have 

been proposed for analog circuits. Wang et al. used the spectrum of the power 

supply current to construct the statistical signature and detect catastrophic bridge or 

open faults in the circuit [213], Similarly, Camplin et al. observed the correlation 

between changes in the power supply current due to the catastrophic faults [19]. 

Lindermeir et al. considered more subtle parametric faults as well as manufac­

turing process and measurement noise in order to achieve more robust test design 

[101]. The authors chose a trapezoid input signal rich in harmonics in order to 

better stimulate and expose defective circuits. Another method for analog circuit 

based on current monitoring named I c c q  has been proposed by Lammeren et al. 

[206]. Sidiropulos etal. proposed a DFT scheme, aimed at fully differential analog 

circuits, that combines two test techniques -  differential power supply current AI d d  

monitoring and differential output current Alo u r  checking, in a single analog self­

test [185]. Fault detection is provided by means o f differential measurements of the 

on-chip parameters, such as the AIdd and SI o u t  currents. Due to the differential 

nature o f the test principle used, no reference measurement is required prior to the 

test, thus the fault detection exhibits a significantly reduced dependency on process 

parameter variations, variation of temperature during the test as well as outside in­

terferences [185]. An attempt to validate the implementation and the application of 

an Idd-based test methodology to analog circuit in a real life ATE production test 

environment has been done by Manhave et al. in [112].
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So far. many obstacles have prevented the successful application o f the current- 

based test technique in the analog domain. A  large variety of analog circuits, each 

with their own specifications and behavior, makes it difficult to generalize tests. 

In deeply embedded environments, the precision of the on-chip generation of such 

input signals as well as limitation in detection o f parametric faults [169] reduce fault 

coverage. Noticeable drawbacks in some o f the methods is lack o f consideration for 

process tolerances, which undoubtedly plays an important role in threshold setting 

and, as a result, impairs accurate fail/pass decision. Moreover, consideration o f the 

limited fault set, such as catastrophic opens and bridges, doesn’t reflect realistic test 

environment.

Verification and validation4 o f analog circuits is up to now mainly done by using 

functional, specification-based criteria. This is opposed to the digital world where 

circuit functionality is generally verified during the design simulation phases, and 

the final wafer tests concentrate on covering set of modeled faults as well as verify­

ing the characteristics of the fabricated circuit.

Although previous research indicated that current-based test for analog and 

mixed signal designs may have similar advantages as Iddq test for digital CMOS 

circuits, the method has not found practical implementation in the industry. Since 

the supply current is a general parameter for all devices, the use o f supply current 

testing was considered as a first step towards the development of a structural test 

technique, applicable for both analog and mixed signal circuits.

Most of the power supply current is composed of currents from MOSFET de­

vices in different branches of the IC circuit. Understanding the physics behind 

MOSFET current and its components is a requirement for developing an effective 

current-based test methodology. In the following section, we describe MOSFET 

leakage mechanisms, some of which have a major impact on the level o f power 

supply current.

4 O n c  in t c ip r c t a t io n  o f  th e  d i f f e r e n c e  b e tw e e n  verification  a n d  validation  is  th a t  v a l id a t io n  e n s u re s  
it  is  th e  r ig h t  d e s ig n , w h i l e  v e r i f ic a t io n  e n s u re s  th a t  th e  d e s ig n  is  r ig h t .  In  o t h e r  w o r d s ,  v a l id a t io n  
e n s u re s  th a t  a  d e s ig n  m e e ts  c u s to m e r 's  r e q u ir e m e n ts ,  w h e r e a s  v e r i f ic a t io n  te s ts  a  d e s ig n  a g a in s t  its  
s p e c if ic a t io n s .
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Figure 3.6: Saturated and linear MOSFET Iogilp) vs. VG characteristics [80]

3.4 MOSFET Device Leakage Mechanisms

The scientific community has invested a lot of effort investigating the dominant 

sources o f MOSFET's leakage current [28]. The motivation is to understand the 

leakage properties of deep sub-micron transistors that are. beside design and per­

formance related issues, also essential to guide effective solutions for current-based 

testing which relies on the accurate measurements o f leakage currents.

MOSFET's off-state leakage current, I o f f is defined as drain current when 

the gate-to-source voltage. Vqs. is equal to zero. The simplified MOS transistor 

theory assumes a zero drain current, Id =  0, for Vqs <  Vth- In reality, the drain 

current Id does not drop abruptly, but decreases exponentially. This is shown in 

Figure 3.6, which plots the n-channel MOSFET characteristics log(Io) vs. VG for 

linear, Vd =  O.l V, and saturated, Vp =  2.5 V, mode of operation.

The leakage current is influenced by many factors such as channel length, width, 

threshold voltage, gate oxide thickness, drain and source junction depth, channel 

and surface doping profile, power supply, temperature, etc.. In long channel de­

vices. I o f f  is dominated by the leakage from drain-well and well-substrate reverse
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Figure 3.7: MOSFET leakage current mechanisms in DSM environment [80]

bias p-n junctions [156]. Short channel transistors require a lower power supply 

voltage to reduce internal electric fields and power consumption. This, in turn, 

necessitates a reduction o f the threshold voltage V jh  that causes an exponential in­

crease in I o f f - This increase is due to the weak inversion state leakage that is a 

function o f Vth  and not o f the transistor channel length [83], [80].

In the following paragraphs, we introduce the most dominant leakage mecha­

nisms and emphasize potential ways for their reduction. Keshavarzi et al. in [80] 

summarized eight leakage mechanisms, which are shown in Figure 3.7. These 

leakage components, collectively referred to as short channel effects (SCE). are 

described in the following paragraphs.

3.4.1 p-n Junction Reverse Bias Current (/j)

Reverse biased p-n junction leakage currents are due to various mechanisms, such 

as diffusion and the drift o f thermally generated minority carriers which are swept 

by the electric field in the depletion region o f the p-n junctions [171]. The leakage 

currents o f the reverse-biased source and drain junctions are state-dependent, while 

the leakage current o f reverse-biased well-substrate junction is state-independent. 

I f  both n-type and p-type regions are heavily doped, Zener breakdown or band-to-
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Figure 3.8: Parasitic p-n junctions in a MOSFET device with p-substrate

band tunneling5 may also occur. The parasitic p-n junctions in a MOSFET device 

are shown in Figure 3.8. The reverse-bias p-n junction leakage current. Irb- can be 

estimated by the formula

where Js denotes process defined reverse saturation current density o f the p-n junc­

tion. n is the total number o f reverse-biased p-n junctions, and A-t is the total area 

of the ith junction. Since the area of the device is going to shrink, the level o f this 

current is expected to remain unchanged or even be reduced for future technologies

3.4.2 Subthreshold Conduction (h)

Subthreshold conduction or weak inversion current between source and drain in a

MOS transistor occurs when the gate-to-source voltage. Vos• is below the threshold

voltage. Vt h ■ The subthreshold conduction region is seen in Figure 3.6 as the linear

portion o f the curve. The carriers move by diffusion along the surface similar to

* Tunneling is  th e  q u a n tu m -m e c h a n ic a l  p ro c e s s  b y  w h ic h  a n  e le c t r o n  is  t r a n s p o r te d  th r o u g h  
c la s s ic a l ly - f o r b id d e n  e n e r g y  b a r r ie r s .

n

( 3 . 1 )
i=i

[166],
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charge transport across the base of bipolar transistors. The exponential relation 

between the driving voltage on the gate and the drain current is a straight line in a 

semi-log plot. The subthreshold current o f a MOSFET transistor can be estimated 

by the following formula [160]. [28]:

hubth =FoCoxj ( n - \ ) v M Vcs- VTH)lnV'  - ( 1  - e - v^ nV' )  ( 3 . 2 )

where

n « l  +  ^  =  l +  T T  =  1 +  TTT1- a 3 )
'-'OX !  ™dm

•ox

and tjq is the electron mobility. Cox is the gate oxide capacitance, W and L  are length 

and width o f the device. V, =  is the thermal voltage, n is the subthreshold swing 

coefficient (also called body effect coefficient), Ŵ m is the maximum depletion layer 

width, tox is the gate oxide thickness, and Q m is the capacitance o f the depletion 

layer.

The inverse o f the slope o f the log\o(Io) vs- ^cs characteristic is called the 

subthreshold slope Ssubth and is given by

S,„M =  = 2 . 3 ^  =  2 . 3 ^ ( l  +  | £ )  <3.4)

Typically, the subthreshold slope Ssubth is around 80mV/decade at room tempera­

ture. which means that 80 mV decrease in the threshold voltage, Vj h , results in a 

10-fold increase of the subthreshold leakage current. This slope is a function of 

the gate oxide thickness and the surface doping adjust implants. With the rapid 

shrinkage of device sizes, several second-order effects take place and. in reality, the 

slope becomes a function of many parameters, such as the effective channel length 

Lef f , the drain voltage Vos. the body bias Vsb. etc. [198]. A slope of more than 

lOOmV/decade is an indication that the device technology is leaky and unsuitable 

for high volume manufacturing. Lower values indicate a better control o f short 

channel effect and lower for a given threshold voltage. The slope has not 

increased as the technologies advance, mainly because the thickness o f the oxide 

has been scaled too, and the substrate doping profiles have improved [80]. Never­

theless, with advances in technology, further scaling w ill require reductions in the
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power supply voltage. A  lower power supply voltage requires a lower Vth which 

in turn results in a higher l subth- Weak inversion typically dominates modem device 

off-state leakage due to the low Vth -

3.4.3 Drain-Induced Barrier Lowering (I3)

Drain-induced barrier lowering (DIBL) is the effect which manifests itself as a 

change of the MOSFET output conductance and the threshold voltage due to the 

voltage on the drain terminal. It is observed as a variation of the measured thresh­

old voltage with a reduced gate length. The threshold variation is caused by the 

increased current with higher drain voltage as the applied drain voltage controls the 

inversion layer charge at the drain, thereby competing with the gate. D IBL causes 

the depletion region o f the drain to interact with the source near the channel surface 

which lowers the source potential barrier. The source then injects carriers into the 

channel surface with a minimized role o f the gate voltage. DIBL is more visible at 

higher drain voltages and for shorter effective channels lengths. Surface DIBL typ­

ically happens before the deep bulk punchthrough effect, which w ill be explained 

in Section 3.4.5.

Ideally, DIBL does not change the slope, but it does lower the threshold voltage. 

Higher surface and channel doping and shallow source/drain junction depths reduce 

the DIBL leakage current mechanism. Figure 3.9 illustrates the DIBL effect as it 

moves the curve up and to the left as the drain voltage increases. DIBL can be 

measured at constant Vc as the change in Ip for a change in Vp. This effect occurs 

in devices where only the gate length is reduced without properly scaling the other 

dimensions. This effect can typically be eliminated by properly scaling the drain 

and source depths while increasing the substrate doping density [201].

3.4.4 Gate-Induced Drain Leakage (74)

Gate-induced drain leakage (GIDL) is a parasitic current from the drain due to the 

high electric field located in the small area where the gate overlaps the drain. The 

electric field in this region is the greatest when the gate voltage, Vc . is low and
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Figure 3.9: N-type MOSFET //> vs. Vc showing DIBL. GIDL, weak inversion, and 
p-n junction reverse bias leakage components [80J

transistor is off. As the drain voltage is reduced, a lower voltage on the gate o f the 

transistor is needed to produce a G IDL effect. The magnitude o f the GIDL current 

is proportional to the width of the device. The greater the width o f the transistor, the 

more area is covered by the gate/drain overlap, and the greater is the GIDL current. 

A band-to-band tunneling mechanism has been identified as a major contributor to 

GIDL [174], [22], Interestingly enough, Nathan et al. in [ l 30] stated quite the 

opposite. The authors claimed that interface trap assisted tunneling mechanisms 

dominate the GIDL current and that band-to-band. direct and indirect, tunneling 

contributions are negligible.

The electric field must exceed a critical value for the band-to-band tunneling to 

occur. This field results from a large positive Vjoc voltage which forms a strong 

depletion region under the drain-to-gate overlap region. The presence o f a gate- 

induced high electric field results in the emission o f minority carriers which transfer 

by band-to-band tunneling from the valence band to the conduction band o f silicon. 

The electrons emitted at the surface o f the deep depletion layer are collected by the
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drain and move toward the substrate, under the transversal electric field effect. The 

field in silicon at the Si-Si02 interface depends on the doping concentration in the 

diffusion region and potential difference between gate and drain terminals [174].

Figure 3.9 shows increasing GIDL current for negative values o f Vc. The GIDL 

contribution is small at 2.7 V. but it  increases as the drain voltage rises to 4V. With 

a thinner gate oxide and higher power supply, the electric field dependent GIDL is 

more visible. The impact o f drain and well doping on GIDL is rather complicated. 

At low drain doping values, there is insufficient electric field for tunneling to occur. 

For very high drain doping, the depletion volume for tunneling w ill be limited. 

Hence, GIDL is worse for drain doping values in between the above extremes. Very 

high and abrupt drain doping is preferred for minimizing GIDL as it provides lower 

series resistance required for high transistor drive current [80].

3.4.5 Punchthrough (I5)

Punchthrough in a MOSFET is an extreme case o f channel length modulation where 

the depletion layers around the drain and source regions merge into a single deple­

tion region. The field underneath the gate becomes strongly dependent on the Vps 

voltage, as is the drain current. Punchthrough causes a rapidly increasing current 

with increasing drain-source voltage. This effect is undesirable as it increases the 

output conductance and limits the maximum operating voltage o f the device.

Punchthrough occurs when the drain and source depletion region approach each 

other and electrically connect deep in the channel. Punchthrough is a space-charge 

condition that allows channel current to exist deep in the sub-gate region causing 

the gate to lose control of the sub-gate channel region. Punchthrough current varies 

quadratically with the drain voltage and increases reflecting the increase in drain 

leakage. This effect is regarded as a sub-surface version of DIBL [80].

In the bulk, the incremental drain bias increases the width o f the drain deple­

tion region and the maximum lateral electric field. However, the minority carrier 

injection can occur only when the source barrier is lowered after the drain/source 

depletion regions connect. On the other hand, at the surface, lowering of the source
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Figure 3.10: Three types o f device structures and associated inversion/depletion 
layer: (a) Large-geometry MOSFET. (b) LOCOS gate MOSFET. (c) Trench- 
isolated MOSFETPOJ

barrier is possible due to the extension of the lateral field toward the source junc­

tion through the gate induced surface depletion region. This effect is enhanced by 

a shorter physical dimension between the source and drain, and lower bulk doping 

concentration [42J.

The most effective method for controlling punchthrough is to use additional 

implants. A layer o f higher doping at a depth equal to that of the bottom of the 

junction depletion regions is one possible solution. Another approach could be to 

form a halo implant at the leading edges o f the drain and source junctions [160].

3.4.6 Narrow Width Effect (/6)

A decrease in the gate width affects the threshold voltage o f a transistor, and. as a 

result, influence the subthreshold leakage. Three narrow width effects which mod­

ulate the threshold voltage Vth have been identified below.

In the local oxide isolation (LOCOS) gate MOSFET, the existence o f the fring­

ing field causes the gate-induced depletion region to spread outside the defined
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channel width and under the isolations as shown in Figure 3.10 (b). The total de­

pletion charge in the bulk region increases above its nominal value. The threshold 

voltage o f MOS can be defined using the depletion approximation as in [30]

O r
VTH — Vfb +  ̂ S +  —  (3-5)

where Vfb is the fiat-band voltage, <j).? is the surface potential, Cox is the gate oxide 

capacitance, and Qb is the depletion charge in the bulk. Due to the narrow-width 

effect. Qb increases by A Qb as shown in Figure 3.10 (b). This effect becomes more 

significant as the channel width decreases, and the depletion region underneath the 

fringing field is comparable to the classical depletion formed by the vertical field. 

This results in increase o f threshold voltage due to narrow-channel effect. It has 

been shown in [40] that this narrow-width effect can be modeled as an increase in 

VTH by the amount given by

ftC[NSabx d.max~ ~ Lu , f  \
Vn c e  =  ------- =  37C— — (b, (.->.6)

2 C „x Wc f f  Wef f

where N sllb is the substrate doping. Xd.max is the maximum vertical depletion width. 

Cox is the capacitance across the oxide, Wej j  is the effective width, tox is the oxide 

thickness, and is the surface potential

The second way that narrow-width modulates the threshold voltage is due to the 

fact that the channel doping is higher along the width dimension in LOCOS gates. 

Due to the channel stop, dopants encroach under the gate. Hence, a higher voltage 

is needed to completely invert the channel.

A more complex effect is seen in trench isolation devices, known as inverse- 

narrow-width effect. In the case o f trench isolation devices. Figure 3.10 (c). the 

depletion layer cannot spread under the oxide isolation. Hence, the total deple­

tion charge in the bulk, Qb, does not increase (i.e., A Qb ~  0), which eliminates the 

increase in the threshold voltage. However, due to the two-dimensional (2-D) field- 

induced edge fringing effect at the gate edge, formation o f an inversion layer at the 

edges occurs at a lower voltage than the voltage required at the center. Moreover, 

the overall gate capacitance, Cr, now includes the sidewall capacitance O  due to
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Figure 3.11: Variation o f threshold voltage with gate width for uniform doping [30]

overlap of the gate with the isolation oxide. This increases the overall gate capaci­

tance [30]. Now, the overall gate capacitance is given by C j =  C„,XW +  2C>. which 

is greater than Cox used in Eq. 3.5. Therefore, as shown in Figure 3.11. the overall 

Vjh  is reduced.

3.4.7 Gate Oxide Tunneling (If)

As the gate oxide thickness o f the MOSFET device scales down to only few nanome­

ters. a substantial increase in gate leakage current is observed. The high electric 

field coupled with low oxide thickness results in tunneling o f electrons between 

MOSFET substrate and gate through the gate oxide. Excessive gate leakage may 

affect circuit performance, functionality, and power consumption. Further reduction 

o f oxide thickness and increased tunneling gate current may also affect dielectric 

integrity and reliability.
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The typical leakage current o f S/02, at a gate bias o f 1 V, changes from 10-7 A/cm 

at 30 A to approximately 10 A /cm2 at 15 A [23]. For use in deep sub-micron 

CMOS technologies, the leakage current o f the gate dielectric has to be kept below 

10-8 A/cm2. To avoid high leakage currents and still achieve the required capaci­

tance. a material with higher permittivity should be used.

Gate dielectrics with higher relative permittivities achieve significant suppres­

sion o f gate leakage. As a result, there is a significant interest in alternatives to 

Si02■ The traditional SiOo gate dielectric w ill reach a fundamental leakage lim it 

for an effective electrical thickness below 10-20A [23]. To enable MOS scaling in 

the future, solutions w ill have to be found and technologies w ill have to be altered. 

The technology roadmap predicts the replacement o f (modified) silicon dioxide di­

electric by an alternative high-K dielectric material in a few years [29], [182]. The 

ideal solution to reduce the gate leakage current would be simply replacing the 

S/02 layer with a different dielectric material, manufactured in an equally complex 

process step. Unfortunately, no material which significantly reduce gate leakage 

current is as convenient as silicon dioxide for manufacturing.

Oxide/nitride and oxynitride gate dielectrics have been proposed to be the at­

tractive alternatives to replace ultrathin gate oxides due to the reduction of direct 

tunneling current. Selective incorporation o f nitrogen atoms into ultra-thin gate 

dielectrics improves dielectric’s reliability as well as performance [177],

Figure 3.12 illustrates various gate tunneling components in a MOSFET device: 

the gate-to-channel current. Igc. and the edge direct tunneling currents {Igso and I ^ 0) 

are shown. In long-channel devices, Igso and Igejo are less important than because the 

gate overlap length is small compared to the channel length. In very short channel 

devices, the portion o f the gate overlap compared to the total gate length becomes 

larger and the effect o f the edge tunneling currents become more significant. In 

ultrashort-channel MOSFETs, the source and drain extensions (overlap regions) 

under the polysilicon gate represent a significant fraction o f the device as they do not 

scale at the same rate as the gate length. Therefore, the physics-based description 

of the overlap regions is critical for state-of-the-art MOSFETs.
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Figure 3.12: Illustration o f gate direct tunneling components o f a very short-channel 
N-type MOSFET [29]

Two models of tunneling mechanisms between substrate and gate oxide have 

been identified for deep-submicron devices: less dominant. Fowler-Nordheim tun­

neling6 (FN) when electrons tunnel into the conduction band of the oxide layer, and 

more pronounced direct tunneling which happens in very thin oxide layers (less 

than 3-4 nm) when electrons from the inverted silicon surface, instead o f tunneling 

into the conduction band of S/02- directly tunnel to the gate through the forbidden 

energy gap o f the S/02 layer [160].

Gate direct tunneling current is produced by the quantum-mechanical effect o f a 

charged carrier through the gate oxide potential barrier into the gate, which depends 

not only on the device structure but also the bias conditions [29]. The tunneling 

probability o f an electron depends on the thickness of the barrier (dielectric thick­

ness). the barrier height (electric field), and the structure o f the barrier (dielectric 

properties). Oxide tunneling current is presently not an issue for devices in produc­

tion, but could surpass weak inversion and D IBL as a dominant leakage mechanism 

in the future as oxides get thinner.

hFor devices with thick oxides. Fowler-Nordheim tunneling is the dominant gate current mecha­
nism.
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3.4.8 Hot Carrier Injection (Is)

The hot carrier injection (HCI) effect can be seen in short-channel transistors which 

are more susceptible to the injection o f hot carriers (holes and electrons) into the 

oxide. These charges pose a reliability risk and are measurable as gate and substrate 

currents. While past and present process technologies have successfully controlled 

this leakage component, HCI increases in magnitude as device dimensions shrink.

Hot carrier degradation in MOSFET transistors has become a great concern 

for scaled devices, and when the applied drain voltage is increased, as the electric 

field near the drain region increases. With higher fields, carriers acquire higher 

energy and momentum which enables carriers to penetrate a Si-Si02 interface as 

well as the S1O2 body, creating oxide charges, and affecting device performance. 

The hot carriers affect device performance in all operation regimes. Most notable 

and monitored are the threshold voltage shifts and transconductance degradation.

Hot carriers can damage the S/-S/O2 interface state and can cause charge trap­

ping in the oxide due to the high channel electric field. Carriers gain kinetic energy 

from the lateral electric field, and some can overcome the S/-S/02 barrier height 

and cause dielectric damage. There are two ways to cause interface state gener­

ation: one is due to recombination with trapped carriers, and the other is due to 

breakage of Si-H bonds by energetic carriers [220].

The results o f interface traps induced by ionizing radiation (or hot electrons) 

include stretchout of MOSFET subthreshold characteristics and capacitor CV char­

acteristics, threshold-voltage shifts, increased surface recombination, and reduced 

inversion-layer mobility. However, the atomic-scale mechanisms responsible for 

interface-trap formation remain of extreme interest.

It is generally believed that the interface-trap formation is the result of radiation- 

released protons H + arriving at the S/-S/O2 interface. For a positive bias voltage, 

protons driven by the electric field to the S/-S/O2 interface can remove hydrogen 

atoms from //-passivated dangling bonds7 (D) at the Si side of the interface, and

'A dangling bond occurs when an atom is missing a neighbor to which it would be able to bind. 
Such dangling bonds are defects that disrupt the flow of electrons.
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form H2 via the simple reaction [150]:

SiH +  H + =>• D+ 4- H2. (3.7)

This process leaves behind positively charged dangling bonds. D+, whose charge 

state is afterwards controlled by the Si surface potential.

The continuous down-scaling o f MOSFET dimensions without a corresponding 

reduction in the supply voltage has led to ever-increasing electric fields inside the 

transistor. Due to the pinch-off condition, the electric field peaks in the vicinity o f 

the substrate-drain junction at the Si-Si02 interface. If, depending mostly on the 

drain bias, the lateral electric field is sufficiently high, strong carrier heating occurs 

and the average electron energy rises considerably above the thermal energy of the 

lattice. Electrons with an energy8 exceeding a threshold o f about 1.6eV (1.5 times 

the Si bandgap) can create electron-hole pairs in the silicon by impact ionization9. 

During device operation, the holes generated by this impact ionization process lead 

to a measurable substrate current. Electrons with a higher energy can be injected 

into the gate oxide. The exact barrier strongly depends on the vertical electric field 

and is therefore determined by the gate bias [48].

The increased random thermal motion o f carriers in the channel after HCI stress 

increases the channel thermal noise, which is a critical factor in most RF circuit 

design. In addition, HCI may also trigger a breakdown of the oxide. HCI may 

change the device parameters which consequently affects the circuit performance. 

The HCI induced device degradations are correlated to the substrate current and the 

gate current for n-type and p-type MOSFETs, respectively. For n-type MOSFETs. 

the correlation exists because hot carriers are driven by the maximum channel elec­

tric field, which occurs at the drain end of the channel. For p-type MOSFETs. the 

charge trapping in the gate oxide is the dominant driving force for degradation, so 

the degradation is correlated with the gate current.

sThe energy of atomic particles is usually expressed in electronvolts. An electronvolt. eV . is the 
amount of energy needed to move a single electron through an electrostatic potential difference of 
one volt: leV =*1.602176531(T19./.

l>Impact (or electron) ionization is generation of electron-hole pairs in semiconductor when high 
kinetic energy electrons collide with atoms in a lattice. A role and a model of the impact ionization 
current is described in [46],
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One way to reduce the HCI effects during design is to use a cascode structure. 

Since HCI is caused by high voltage drop between the drain and source of the 

transistors, th'' HCI effect is reduced i f  Vos is decreased. The cascode structure 

could reduce Vos o f the active transistor [220].

3.5 Survey of Current-Based Test Methods

Although the efficiency o f traditional current-based methods has significantly de­

creased due to elevated leakage currents in very deep sub-micron (VDSM) tech­

nologies [215], a multitude o f techniques have been proposed to improve the detec­

tion capabilities of current-based test. Some of these techniques are: I c c q  power 

supply resistive drop monitoring [206], techniques which cope with increased leak­

age currents such as reverse body-bias I o d q  (RBB) [25], [81], I d d q  with lower test 

temperatures [81], divide-and-conquer I o d q  test which assumes partitioning o f the 

CUT [151]. In addition, resolution enhancement methods have been proposed such 

as current clustering [68], [149], neighbor selection for variance reduction [33], and 

wafer-level spatial correlation [163].

Among the numerous proposed current-based test techniques, the ones which 

attracted significant attention are undoubtedly current signatures [43], [44], current 

ratios [114], AI o d q  [199], [144], and multi-parameter testing [83], [80]. Based on 

these methods, a number o f similar or modified approaches have been proposed. 

The most recent comprehensive overview of the proposed current-based method­

ologies could be found in [164], In the following sections, we briefly describe 

concepts relevant to the major contributions in this domain.

3.5.1 Single-Threshold I d d q  Test

Single-threshold I o d q  test is a traditional I d d q  approach based on observing and 

measuring the current which flows when the device is in a quiescent or stable condi­

tion and comparing all measurements against a predefined pass/fail threshold. This 

threshold is the same for all devices tested, assuming that there is a clear distinction 

between leakage currents and the defect current.
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The I d d q  pass/fail lim it is determined by sampling a portion (typically several 

lots) o f the device material and statistically setting a pass/fail I d d q  lim it based on 

mean and standard deviation (usually 3-4 standard deviations from the mean). Any 

device with I d d q  higher than the statistically set pass/fail lim it is considered an 

outlier and is assumed to be a defective device. Any device which measures I d d q  

lower than, or equal to, the statistically set pass/fail lim it is considered to be defect- 

free.

3.5.2 Current Signatures

The current signature method was proposed by Gattiker and Maly [43]. [44]. The 

current signature o f the integrated circuit is created by ordering all the I d d q  mea­

surements by magnitude, from the smallest to the largest value. Such a plot of I d d q  

measurements enables observing discontinuities in the current signature curve. The 

current signature method relies on the premise that I d d q  for an active defect10 is 

higher (for vectors that excite it) than normal leakage. I f  there are no large jumps 

in the plot o f the current signature, then the circuit is designated as non-defective. 

I f  the plot o f the current signature includes any significant jumps or discontinuities, 

then the circuit is designated as defective.

In the case o f a passive defect11, this assumption is violated as defect excitation 

is independent o f the input pattern. As a result, the current signature o f a chip 

with a passive defect does not show any ‘steps’ and can be indistinguishable from 

the fault-free current signature. The authors conclude that a high level ‘no-step’ 

current signature indicates a current fault which is unlikely to result in functional 

failure.

w Active defect involve switching nodes of the circuit. Active faults produce abnormal current 
only for vectors that activate them.

11 Passive defects involve only non-switching nodes of the circuit. They provide a direct, static 
current path between VnD and ground, and produce an additional constant current for all test vectors.
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3.5.3 Delta I d d q  Test

A I d d q  test has been proposed by Thibeault and M iller in [199], [120]. In this 

methodology, differences (deltas) between measured I d d q  values are obtained and 

compared with a referent A I d d q  threshold value. When measuring AI d d q * two 

approaches could be distinguished. For a successive pattern A I d d q  method. A I d d q  

is defined as:

A Id d q { i)  =  Id d q { i)  —lD D Q (i— 1) (3.8)

where I d d q (j ) and I d d q ( J —  1) are I d d q  readings for the ith and ( /— 1 ),h vectors. For 

a fault-free chip, intrinsic variations o f I d d q  cause the mean o f A I d d q  to be close 

to zero. Alternatively, A I d d q  could be defined as a difference between maximum 

I d d q  and minimum I d d q  readings. This is called a min-max A I d d q  method. In this 

case, A I d d q  can be expressed as:

AI d d q  =  b D Q max ~  b D Q m in (3.9)

This method assumes that at least one vector excites the defect and the defective 

I d d q  is much higher than the fault-free I d d q - In the case o f a passive defect, all 

readings are elevated whereas A I d d q  remains small. Hence, this method is unable 

to screen chips with a passive defect. To alleviate this shortcoming, the AI d d q  

approach could be combined with a single-threshold I d d q  method to improve de­

tection o f passive defects [199].

3.5.4 Current Ratios

The concept o f current ratios (CR) was proposed by Maxwell et al. [114]. It was 

observed that the ratio o f maximum I d d q  to minimum I d d q  for fault-free chips was 

approximately the same although their absolute I d d q  values were different. The key 

assumption with regard to finding defects is that the test vector set is constructed so 

that it w ill cause large variations in the current produced by most possible defects. 

The increase in I d d q - influenced solely by the process variations, is uniform for all 

vectors, and therefore, doesn’t impact CR. CR can be understood as a measure of 

allowed intra-die variability in I d d q - Through characterization, the input vectors
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that cause minimum and maximum I d d q  are determined and CR is obtained. To 

account for intra-die process variation, a guard band is added.

However, even for fault-free chips, the current ratios could show variations of 

more than an order o f magnitude. Thus, current ratios may be comparable for 

defective and defect-free chips. Deciding the appropriate current ratio can be chal­

lenging. As in any signature-based approach, this method does not detect passive 

defects which cause high I d d q  on every vector, unless the current is above the ab­

solute maximum. For such defects, the current ratio gets smaller with increasing 

background leakage. Although it is possible to screen such chips by setting a lower 

threshold on CR. the ability to sense more subtle variations with high background 

current significantly diminishes.

3.5.5 Multi-parameter I d d q  Test

Multi-parameter I d d q  test correlates circuit leakage current against other parame­

ters such as circuits operating frequency or temperature, and may use another vari­

able to enhance the test sensitivity. In [82], Keshavarzi et al. explored intrinsic 

dependencies of transistor and circuit leakage on clock frequency, temperature, and 

reverse body bias (RBB) to discriminate defective ICs. Transistor and circuit para­

meters were measured and correlated, and it has been shown that by using multiple 

parameters, it is possible to develop I d d q  testing solutions with improved sensi­

tivity. For high performance IC applications, a multi-parameter test technique is 

proposed. I d d q  versus F m a x  (maximum operating frequency), in conjunction with 

using temperature (or RBB) to improve the defect detection sensitivity.

The roots of leakage to frequency correlation exist in device physics and for a 

circuit designed on a given process technology, one can establish and characterize 

such a relationship. Authors in [79] found a clear correlation between the I d d q  

and the maximum operating frequency ( F m a x )  of a microprocessor, as both are 

functions o f device's channel effective length, L e/ f .  The fault-free I d d q • strongly 

influenced by subthreshold leakage (Section 3.4.2), has an exponential relationship 

with temperature as described by Equation 3.4 on page 47. Faulty or defective cur-
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rent does not show such a relationship. The dependence o f the fault-free leakage on 

temperature can be exploited by making current measurements at two temperatures. 

The defective current may remain the same or decrease (due to a positive temper­

ature coefficient for a resistive metal short) with an increase in temperature. This 

makes differentiation between fault-free and faulty chips possible. Testing can be 

performed by measuring I d d q  at room temperature and either at a reduced or higher 

temperature [144], Low temperature measurement is undesirable in production due 

to high cost.

3.6 Limitations of Static Current-Based Test

Sufficient research supports the notion that traditional current-based test techniques 

w ill sooner or later reach their lim it o f effectiveness as a result o f device scaling. 

As described in the previous sections, one of the substantially affected parameters 

by scaling is the leakage current. A crucial requirement o f the current-based test is 

the ability to accurately measure a very small variation o f the power supply current. 

The test is based on the estimation o f the defect-free current in the circuit which is 

used to determine a maximum non-defective current, i.e. I d d q  threshold. Multiple 

current measurements are taken, and i f  any measurement exceeds the threshold, the 

chip is considered defective.

Due to the many factors affecting the process variation, the distribution o f the 

measured I d d q  currents is expected to be Gaussian12. In order to make a correct 

decision, the I d d q  of the fault-free device has to be at least one order o f magnitude 

lower than the I d d q  current o f the faulty device. With millions o f transistors imple­

mented on a single chip, the leakage current becomes significant and, consequently, 

the absolute variation o f the fault-free current increases, too. As a result, the values 

of the fault-free and faulty I d d q  currents start to overlap which makes it difficult to

l2Caussian distribution is also called the normal distribution. The central limit theorem explains 
why many distributions tend to be close to the normal distribution. As stated by this theorem, if the 
variables have a finite variance, their sum will be approximately normally distributed. Since many 
real processes yield distributions with finite variance, this explains the widespread application of the 
normal distribution.
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Figure 3.13: Overlapping o f faulty and fault-free Iddq distributions

set a threshold value and make a reliable pass/fail decision.

Such case is illustrated in Figure 3.13. When the density functions of the defect- 

free and defective currents are distanced from each other, the clear distinction be­

tween the good and the defective IC can be made. Figure 3.13 (a). Nevertheless, the 

technology scales down device dimensions and increases a number of devices on 

the chip. As a result, the mean values o f the defect-free and defective distributions 

tend to get closer to each other, eventually resulting in partially overlapped distri­

bution and a hardly identifiable I d d q  threshold [215]. Such a case is illustrated in 

Figure 3.13 (b).

To understand this, lets assume that a simple defect-free circuit in 0.18 jum tech­

nology contains a chain o f 100 inverters operating at 1.8 V power supply and nom-
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inally consumes 500 nA !3 o f static power. Lets say that the same but defective 

circuit contains a gate-oxide defect in one o f the inverters which effectively bridges 

the drain and gate o f the p-type MOSFET device through the 1 MO resistance. The 

difference o f potentials between two bridging nodes (drain and gate) is 1.8 V which 

implies that additional current o f 1.8 pA  w ill be drawn from the power supply. It is 

clear that "abnormal' 2.3 pA  supply current (1.8 pA + 500 nA) w ill be easily distin­

guished from the fault-free one (500 nA), even in the presence o f process variations 

which could double or even triple the nominal power supply current.

Similarly, lets assume the same circuit in 65 nm process with the 0.8 V power 

supply and understandably higher nominal leakage currents (due to the lower thresh­

old voltage and other factors) of. say. 3.5 //A 14. The same defect would cause ad­

ditional power supply current o f 0.8 pA  which is only around 23% of the nominal 

leakage. Because of the exponential dependence of leakage on process parame­

ters (gate length, oxide thickness and threshold voltage), the process imperfections 

could easily cause variations of such a degree. Therefore, it would be difficult to 

conclude i f  the observed current increase is a result o f process variations or presence 

o f a defect.

Controlling process variation and leakage has become critical in designing and 

testing ICs. Die-to-die and intra-die parameter variations are worsening with tech­

nology scaling. Elevated transistor leakage and excessive parameter variations in 

scaled process technologies threaten the feasibility o f leakage-based current tests. 

Motivated by the adverse effects due to the increased device leakage trends, re­

searchers have invested a significant effort to develop new strategies which would 

reduce the leakage and extend the effectiveness o f current-based testing for deep 

sub-micron technologies [38]. The developed methods could be grouped in the 

domain o f process technology, circuit architecture, and test technique.

'•'Based on the figure provided in [180] for the maximum MOSFF.T leakage current/,, 
at 25°C. assuming minimum device length and width of VV =  500 nm

l4Based on the figure provided in [ 183) for the nominal high-performance 65 nm M O SFET sub- 
threshold leakage current /„/ =  0 .0 7 ^  at 25JC and assuming device width o f W =  500 nm
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Circuit techniques which reduce leakage currents during standby states and 

minimize power consumption such as source biasing, dual-Vy# partitioning, multi­

threshold CMOS (MTCMOS). and variable threshold CMOS (VTCMOS) are de­

scribed in [75]. In [160], authors survey several process methods (retrograde dop­

ing. halo doping) and circuit techniques (transistor stacks, multiple threshold volt­

ages. dynamic threshold voltage, etc.) for leakage control and reduction.
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Chapter 4 

Power Supply Current Monitoring

4.1 Introduction

Ensuring the quality o f IC electronic components and systems requires effective test 

strategies to be applied to the circuits o f increasing complexity and size. The tradi­

tional specification techniques based on the analysis o f the output signals have been 

found insufficient and impractical to guaranty the high reliability and low defect 

escape requirements o f the ICs with growing complexity. This fact has motivated 

the search for complementary testing techniques which could improve existing test 

methods and translate them into higher product quality. In the quest for more ef­

fective test methodology, current test methods have a proven record o f successful 

application in the industry as a complementary test technique.

The object o f current-based test is the power supply current o f the circuit under 

test. This current is sensed, measured, and analyzed for the purpose o f detecting 

a defective device. The means by which current sensing and measurements are 

performed is a device called a current monitor (CM). Current measurement Ui.its 

are realized as stand-alone, off-chip external circuits or they are integrated (built- 

in) together with the tested circuit on a common substrate. While built-in current 

sensors (BICS) generally exhibit a better fault observation, off-chip monitors offer 

more versatility.

Monitoring current flow into and out o f electronic circuits is an essential task 

in designer's portfolio, and is necessary in a wide range of applications including
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a system control, protection, and diagnostics. Besides the current-based testing, 

examples include over-current protection, supervising devices, programmable cur­

rent sources, linear and switch-mode power supplies, battery chargers, and battery- 

operated circuits for which the ratio of current flow into and out o f a rechargeable 

battery has to be known. As more applications become portable, the demand in­

creases for dedicated current monitors that accomplish their task in a small package 

and with low quiescent current. The number o f applications requiring current sens­

ing is continuing to expand. Depending on the demands o f an application a number 

o f different techniques for sensing current are available.

The following sections attempt to define requirements for the current monitor 

designs, to outline different technologies for current sensing, to explore existing 

design methodologies and summarize different design concepts and principles o f 

current sensing in Idd testing applications. Also, a brief survey of the state o f the 

art current monitor devices reported in the literature is provided.

4.2 Current Monitor Design Requirements

The majority o f Idd methods presented in the literature have been implemented as 

off-chip monitors. Also, many on-chip sensor designs have been proposed. How­

ever. very few have been included in the commercial designs for production and 

life-time testing. This is primarily due to the strict criteria placed upon the on-chip 

sensors. Rajsuman in [146] concluded that the on-chip current sensors impose de­

sign constraints which lim it their use. Some of the criteria for a practical on-chip 

sensor have been outlined by Kim et al. in [84], In the following paragraphs, we 

summarize the most important requirements and desirable features o f the current 

monitor which has to be aimed for during the design process. Some o f the items 

described below could be applicable to any current monitor, whereas the others are 

more specific to built-in designs.

•  Performance loss of the circuit with the attached monitor has to be kept 

within reasonable margins {e.g., less than 2-3%):
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•  The dynamic range of the current measurement circuit should accommo­

date measurements o f wide range of current levels (e.g.. the variability o f 

current levels for a given technology is expected to be high):

•  High resolution (low noise) is required for the detection o f subtle defects 

which cause only a micro-Ampere increase in the power supply current 

(i.e.. resolution of an analog signal is limited by noise);

•  High linearity o f the monitoring device is required for accurate measure­

ments o f the wide current ranges;

•  No significant increase in power supply noise should occur due to the 

on-chip Iqdq design-for-test (DFT) circuitry;

•  Chip area overhead must be kept at a minimum, usually not more than 

few percent o f the circuit under test area;

•  Implementation o f the sensor should not require special semiconductor 

processing steps (i.e.. cost and economic related issues);

•  The monitor should be capable o f relatively high speed test measurements 

(e.g., faster than typical 1 kHz -  10 kHz off-chip current measurements);

•  A monitor should be capable to measure the power supply current level, 

instead of providing only a pass/fail signal;

•  The monitor has to fit within existing DFT standards for the purpose of 

controlling the on-chip circuitry:

•  The monitor should be usable at wafer level but also during package test:

•  On-chip DFT circuitry must have reasonable power dissipation when in 

use, and low or no dissipation when inactive (e.g., useful reference for 

this is a device under test (DUT) power consumption);

•  Good fault coverage throughout multiple technology nodes must be demon­

strated in applications.
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A continuous current measurement can provide a lot o f information about the device 

under test. The methods o f supply current sensing, observation, and measurement 

are used in a wide variety o f applications and are not limited to testing only. Cur­

rent sensing methods have been extensively researched and reported in the literature 

[162], [140], [94], [219]. Three basic categories of current sensing techniques can 

be distinguished: 1) devices based on resistive sensors. 2) devices based on mag­

netic sensors, and 3) devices based on current transformers.

4.3.1 Sense Resistors

Sense resistors or current shunts are distinguished from resistors by the fact that they 

are designed for the purpose to sense and measure the current which flows through 

it. They are placed in series with the load. By Ohms law, the voltage drop across the 

device is proportional to the current. For low currents, sense resistors can provide 

accurate measurements provided the resistance value has a tight tolerance. Sense 

resistors also require other circuitry, such as instrumentation amplifiers, to generate 

a detectable signal. Although current shunts operate on the principle o f the Ohmic 

voltage drop, practical shunts could have intrinsic inductance which would lim it the 

accuracy and bandwidth. Beside this, the major factors which affect the precision 

of a shunt are: the temperature coefficient, power dissipation, low output signal, 

and insertion loss [16].

A  current probe can be used in between the circuit under test and power supply, 

as shown in Figure 4.1. The problem with such probing is the insertion of serial 

inductance that is typically in the lOnH to 50nH range. When a transient current 

pulse o f lA/ns is fed into a lOnH inductive probe, it causes about 10 V voltage 

drop across it. Apparently, such probing cannot be efficiently utilized as it would 

severely affect circuit's performance. A design alternative is to use an operational 

amplifier with sufficient gain which would place the current sensing resistor in its 

feedback loop, as shown in Figure 4.2 (a). The op-amp should be designed to
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To power supply

Figure 4.1: Current measurement methods: (a) DC current probe, (b) AC current 
probe [78J

compensate for the voltage drop across the sense resistor, and at the same time, it 

should be able to supply sufficient transient currents to the circuit for fast charging 

and discharging o f capacitor states. Obviously, designing such a current sensor 

wouldn't be a trivial task. The solution to this problem is to provide a shunt path 

for the transient current across the sense resistor. I f  this shunt path is provided by a 

diode, as shown in Figure 4.2 (b), it would cause about a 0.6-0.7 V  drop across it. 

which would make it difficult for applications in low voltage environments.

To avoid this voltage drop across the shunt path, a MOSFET bypass circuit can 

be employed as shown in Figure 4.2 (c). The bypass transistor is on only during 

the transient. When the transients are settled down, the current is passed through 

the sense resistor. To filter the high impedance noise at high frequencies, a small 

capacitor is added in between the sense circuit and the circuit under test, as shown in 

Figure 4.2 (d). A  disadvantage of this method is a RC loading at the output, which 

increases the time for the circuit to arrive at a steady-state. By closely observing 

the circuit in Figure 4.2 (d), it  can be concluded that the resistance in the sense 

circuit is redundant. A  bypass circuit w ill enable flow of the transients through a 

small on-resistance o f the forward conducting MOSFET device, Ron. In this way.
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Figure 4.2: Different power supply current DC probing methods [78J

the testing speed can be further improved. This approach is shown in Figure 4.3. 

In this circuit, the MOSFET is on during the transient when the circuit under test 

is drawing a large current. Once the transients are settled, the MOSFET is o ff and 

capacitor C\ supplies the static current to the circuit under test. The Id d  is measured 

by the voltage drop across the MOSFET. In this circuit, the value o f capacitor C \ is 

critical, it should be chosen such that in the fault-free circuit, it w ill keep VDd  to the 

specified testing voltage at-least until the measurement is done [781, [1461.

A careful consideration of the sense resistor is an important and necessary part 

o f designing any kind of current monitor. The following criteria should be taken 

into consideration:

Voltage loss: High resistance values cause the power and supply voltage to degrade 

through the voltage drop loss. The lowest resistance value gives the least 

voltage loss.
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Figure 4.3: External current-sense circuit to avoid RC loading at the output [78]

Accuracy: High resistance values enable more accurate measurements and better 

sensitivity to low-level currents because the voltage offset and input bias- 

current offsets are less significant with respect to the sense voltage.

Efficiency and power dissipation: A t high current levels, the power dissipation 

loss in the sensing resistor can be substantial, so it must be taken that into 

consideration when choosing the resistor value and the power dissipation 

rating. Excessive heat in the sense resistor can also cause its value to drift.

Inductance: I f  the supply current has a large high-frequency component, a sensing 

resistor must have low inductance. Wire-wound type resistors have the 

highest inductance. Low-inductance metal-film resistors, which consist 

of a straight band o f metal, are the best choice.

Cost overhead: The sensor should be compatible with a manufacturing process.

Sensing elements which requires additional manufacturing steps increase 

the cost and are not well suited solutions.

4.3.2 Magnetic Current Sensors

In order to reduce power supply degradation o f the circuit under test, many re­

searchers have attempted to develop non-intrusive current measurement methods.

The magnetic current sensor is a typical result o f such efforts. Magnetic sensors

comprise devices which measure the magnetic field generated by the current flow.
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When a magnetic field is applied to conducting or semiconducting material in which 

current is flowing, a voltage w ill be developed across the sides o f the material. This 

is known as the Hall effect. A wide variety of semiconductor devices have been de­

signed and investigated as magnetic field sensors such as Hall cells, magnetodiodes, 

magnetoresistors (MR), bipolar magnetotransistors (MT), and magnetic field-effect 

transistors (MAGFET) [98].

Hall cells are used for contactless measurement in many applications. However, 

the Hall element fabricated in CMOS IC technology has mediocre characteristics. 

It gives a weak output signal which is often corrupted by a sensor offset and noise 

[147]. Most attention attracted MT and MAGFET devices compatible with CMOS 

and/or bipolar silicon processes [118], [119]. The split-drain magnetic field effect 

transistor (MAGFET) is an attractive alternative for implementation in silicon due 

to its simplicity and total compatibility with standard CMOS processes. It appeared 

as a solution to overcome the difficulties of implementing sensitive Hall cells in 

silicon. Diverse configurations of split-drain transistors were proposed thereafter. 

Exhaustive measurements of this type o f a sensor, operating in distinct conditions, 

have also been reported in literature.

The major factors affecting the precision of Hall effect current sensors are tem­

perature sensitivity, noise, linearity, leakage flux sensitivity, and sensitivity to con­

trol current. Although extensively used in industrial applications [98], rarely pro­

posed magnetic current sensors for IC current-based testing applications, such as in 

[85], have not proved so far to be an efficient sensing solution.

4.3.3 Transformers

Current transformers are passive devices that do not require a driving circuitry to 

operate. The primary AC current w ill generate a magnetic field that is coupled into 

a secondary coil by the Faraday’s law1. The magnitude o f the secondary current is

1 Faraday's law describe the relation between the rate of change of the magnetic flux. 
through the area, s. enclosed by a closed loop and the electric field. E. induced along the loop: 
f s E ■ ds =  — In the case of an inductor coil where the clcctrie wire makes N  turns, the formula 

becomes: V =  — N ‘4rr, where V denotes the induced electromotive force.uS
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proportional to the number of turns in the coil. The secondary current is then sensed 

through a sense resistor to convert the output current into voltage.

The principal advantage o f using current transformers to measure current in 

electric circuits is that the measurement circuit can be electrically isolated from 

the circuit under test, as shown in Figure 4.1 (b). This non-contact approach to 

current measurement greatly facilitates the simultaneous measurement of current 

and voltage in different branches o f a common circuit. Due to the non-ideality 

o f the transformer elements, current transformers could impose a burden on the 

circuit under investigation i f  placed in the power supply line, especially in low 

voltage environments. Discrete transformers achieve much higher quality factor 

over their silicon counterparts, and, generally, their use has an insignificant effect 

on the performance o f the circuits examined.

For the applications where AC measurements are the subject of interest, a trans­

former could be an effective solution. However. I d d q  current-based test applica­

tions require measurements of the DC current levels for effective defect screening. 

Moreover, the difficulty o f implementing high quality transformers in silicon makes 

this current sensing techniques impractical for on-chip I d d q  test.

4.4 Off-Chip Current Monitoring

A widely used approach for current monitoring is off-chip current monitoring. For 

the purpose of test, both DC and AC current measurements are important. Many 

semiconductor companies perform I d d  testing through the external tester which 

contains a high accuracy precision measurement unit (PMU) [139]. PMU incor­

porates an electromechanical relay which switches the connection from a device 

power supply (DPS) to PMU to perform the current measurement. After the mea­

surement, DPS is switched back by the relay. Each switching phase o f relay re­

quires a delay equivalent to settling time. As a result the current measurements are 

relatively slow.

A number o f manufacturers include current measurement feature in the auto­

matic test equipment (ATE). These additional hardware tools could perform I d d q
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testing at frequencies o f up to 100 kHz [146]. However, in many practical cases, 

the current monitoring is done at significantly lower frequencies, in the 1-20 kHz 

frequency range2. Since most IC manufacturer use only a few I d d q  measurements, 

they use the tester's PMU instead o f dedicated I d d q  high-resolution test hardware 

in production testing. Due to the time-to-market and cost related issues. Iddq test­

ing with a large number o f vectors is not done very frequently in the production 

environment.

4.5 On-Chip Current Monitoring

While most o f the work in mid 1980s on current measurement was based upon off- 

chip measurement circuitry, around 1989 proposals appeared for on-chip current 

sensors. In 1993, the IEEE Technical Committee on Test Technology founded the 

Quality Test Action Group (QTAG) task force to investigate the feasibility o f a 

standard for I d d q U s s q  current sensors [ 10].

QTAG was created to provide the industry with a standard for I d d q U s s q  mon­

itors on test fixtures for production testing o f CMOS ICs. The group was founded 

since informal correspondence between the semiconductor test departments and the 

ATE vendors had failed to initiate creation o f the ATE-based I d d q  test instrumen­

tation needed by the semiconductor industry. During the first QTAG meeting, the 

participants described the situation and proposed that the solution utilize the tech­

nology that the industry and universities had developed for on-chip I d d q  testing.

Since off-chip current sensors are usually implemented by external automatic 

test equipment (ATE), using built-in current sensors (BICS) offers many advan­

tages. BICS could significantly reduce the test equipment cost [60]. A  high ca­

pacitance of I/O pads reduces the testing rate using ATE which makes on-chip test 

methods much more suitable for high frequency testing. BICS improves the de­

: For example, based on the PM U data sheet from Maxim Integrated Products 
(http://www.maxim-ic.com/). the P M U  settling lime for the current range o f ± 2  /jA is given 
as 500 / j s .  which corresponds to the measurement speed not exceeding 2 kHz. Similarly, a system 
reference manual for Agilent 93000 SOC Series tester (http://www.agilent.com/) indicates a 
maximum I d d q  measurement speed o f 3 kHz at 1 nF load capacitance.
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tectability and observability o f the circuit under test and provides higher testing 

resolution. Nevertheless, implementation o f on-chip testing presents many chal­

lenges. Recently much work has been done in order to improve BICS sensitivity 

and reduction in degradation o f the circuit under test (CUT) performance, as these 

are two important elements o f the current sensor design.

The design o f a built-in current current monitor is a trade-off between circuit 

speed, size, sensitivity, and accuracy. The higher resistance o f the sensing element 

leads to an increased sensitivity but also to a lower speed and a higher voltage 

supply degradation which is very important for low voltage designs.

4.6 Survey of Proposed Designs

A number o f current monitors have been presented. A comprehensive survey o f the 

proposed designs published in journals and major conference proceedings is given 

in this section. Selected twelve current monitor designs, which have been most 

referenced in the literature, are described here in more details. Schematics and 

detailed circuit operation of these twelve monitors are provided. Due to the large 

number o f designs, other proposed circuits are only briefly described. For more 

specific design details, the reader is encouraged to refer to the cited publications 

and patents.

Alorda et al. presented an off-chip monitor in [3], [4] which measures the tran­

sient supply current o f CMOS ICs and provides a voltage level which corresponds 

to the charge delivered to the circuit for each clock cycle. The monitor is designed 

to be placed on the automatic test equipment board fixture and automate transient 

current supply testing.

A 5 V  BICS scheme suitable for on-line power dissipation measurements and 

I d d q  testing has been proposed by Arabi and Kaminska in [7], [5]. The BICS. 

shown in Figure 4.4, has been implemented using an N-well CMOS 1.2 pm tech­

nology. The current sensor has been integrated with the voltage down converter and 

targets applications that require on-chip supply voltage down-conversion. Transis­

tors P4, P5 , and P(, along with the operational amplifier OA2 provide I'CUT which
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Figure 4.4: BICS proposed by Arabi and Kaminska [5]

is a scaled copy of the current passing through the circuit under test (CUT) I  c u t  

and can be measured using measurement element (ME). The V-I characteristic of 

transistors P4 and P5 when they are in the linear region is given by:

W Vr W
I d s = f * o C 0x j { ( y g s - V t ) V d s - - & )  « / i0C m j ( V gs - V r ) V ds (4.1)

Equation 4.1 indicates that to establish the same Ids current in both the P4 and P5 

transistors, their and Vds voltages must be equal neglecting the body bias effect. 

Physical connections between their gates and sources makes their voltages iden­

tical. The feedback established by OA2 forces the drain voltage of transistors P4 and 

P5, and consequently their Vds voltages, to be equal resulting in an accurate current 

sensing even when the transistor P4 is in the linear region due to the close values 

o f Vdd and V fD. The voltage drop across transistor P4  can be as little as 0.15 V 

when its W /L  ratio is big enough to minimize its Ron resistance. Although VjyD 

voltage levels close to Vdd can be achieved, the current mirror loses its accuracy 

when the V^D voltage level exceeds 4.25V. This is due to the input voltage limita­

tion o f the operational amplifier OAi which cannot approach the power supply rails. 

Therefore, to improve the accuracy o f the current mirror, a rail-to-rail operational
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Figure 4.5: BICS proposed by Shen et al. [176]

amplifier should be utilized. Even with such improvements, 5 V BICS with 0.15 V 

reduced voltage supply o f the CUT, w ill likely not find a suitable application for 

circuits with the now widely used 1-1.8 V power supply.

Shen et al. described an experimental 5 V CMOS chip containing a built-in 

current sensing circuit design shown in Figure 4.5 [176]. The chip has been imple­

mented in a 2 pm p-well CMOS process. The authors report that BICS circuit can 

detect defects at a clock speed of 30 MHz. This design is based on a sense ampli­

fier structure similar to the bit-line sense amplifier employed in dynamic memories. 

The BICS develops a voltage across the parallel transistor-diode combination in re­

sponse to input current. I  in- A  sensing amplifier converts this voltage to a logic 

level. Two identical n-type MOSFETs are used to sample the power bus current 

o f the functional circuit and I r e f < respectively. To increase the evaluating speed, 

a diode is used to bypass the transient power bus current o f the functional circuit. 

This limits the voltage drop across the sensing circuit to less than 0.65 V which re­

sults in about a 10-15% decrease in the speed o f 5 V CMOS circuits. Clock signals
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are employed to isolate the sensor amplifier from the input node during the transient 

state o f the circuit under test (CUT), and to prevent the CUT from being affected 

by the signals within the current sensing circuit. To increase the sensitivity o f the 

BICS, a two-phase non-overlapping clock signal is utilized. A  major problem with 

this and most other designs presented so far affects the operation at high speeds. It 

can be observed in Figure 4.5 that, as the number of gates in the CUT is increased, 

the total capacitance between the current input node of the BICS (the virtual ground 

node of the CUT) and (true) ground increases proportionally. This includes the ca­

pacitance of the metal circuit ground net and the parasitic capacitances associated 

with the source diffusion regions o f transistors connected to the circuit ground. For 

circuit partitions o f even modest complexity, this capacitance across the diode can 

easily be in the picofarad range. A  design based on Shen’s design with reduced area 

overhead and increased fault detectability has been proposed by Athan et al. in [9].

Burgess [17] proposed a differentially configured built-in current sensor which 

monitors a Vdd line. The regeneration time o f the cross coupled latch o f the sensor 

is proposed as a defect metric. The author reports speed and functionality enhance­

ments over previous BICS designs. The BICS fits within the QTAG standard for 

off-chip current sensors either as a threshold or measurement monitor.

In [37], Favalli et al. demonstrated several design oriented approaches to im­

prove design for testability (DFT) of CMOS digital circuits. The design, shown in 

Figure 4.6. detects delay and non-stuck-at analog faults which cause intermediate 

voltages along circuit branches due to faulty conductive paths between the power 

supply and ground. CMOS gates are modified with the insertion (between ground 

and the n-channel networks) o f n-channel MOSFETs (M r) whose drains (nodes 

Niow) represent the inputs o f a NOR gate realized with n-channel drivers. M j d - and 

a p-channel pull-up device, M t l • In normal mode, the control line t is at logic one. 

so all M r transistors are on. while M t l  is off. In test mode, the command signal t is 

first set to one, and suitable test patterns are applied to activate the possible faults; 

successively t is switched to zero. I f  no fault is present, no conducting path is es­

tablished between the power supply and the nodes jV/ow. which consequently remain
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Figure 4.6: BICS proposed by Favalli et al. [37J

at logic zero. Hence, all the drivers o f the test NOR are off. and t,est is high. On the 

contrary, in the case o f a fault establishing a connecting path through the pull-down 

and pull-up networks of the CMOS circuit, Ni„w can be charged to a high value, 

thus M jd  becomes conducting, and t,esl is lowered to logic zero.

In [61], Hsue and Lin described a 5 V  CMOS current sensor circuit using a 

diode as a sensor which can be built into a CMOS logic circuit to perform a self test 

for leakage current.

A differential 5 V design implemented in 2 pm technology, shown in Figure 4.7. 

was presented by Hurst and Singh in [62]. This BICS design attempts to reduce a 

critical capacitive time-constant problem o f Shen's design from Figure 4.5 by using 

a similar differential sensor. In this sensor, the two input nodes o f the latch could 

be connected to separate partitions o f the CUT. Or alternatively, reference current 

is activated on only one side o f the latch at a time, while the circuit attached to the 

other side is being tested. The sensor design also includes an NPN bipolar transistor 

in parallel with the diode to minimize supply voltage drop during normal (no-test) 

operation. A standard two-phase non-overlapping clock is required for timing o f the 

sensor. When testing the circuit, transistors T\ and 73 are turned o ff by grounding 

TEST. and a reference current is provided by grounding the appropriate REF node.
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Figure 4.7: BICS proposed by Hurst and Singh [63J

Then, the output is cleared by pulsing the CLEAR line low. The CLEAR input only 

works on the side with the low latch result, as occurs when indicating 'no-fault'. For 

the other side the FAULT line remains latched high regardless. For large switching 

currents, the voltages at the BICS input nodes start out at about the same level of 

0.7 V, due to the nonlinear I-V characteristic o f the diodes. As the transient currents 

dissipate, the voltages settle toward zero. Any constant current that is flowing on 

either side becomes apparent because the voltage on that side decays instead going 

toward some finite value. A  differential measurement may be taken at any time 

during this decay, depending on the sensitivity o f the measuring circuit. The authors 

claim 31 MHz testing speed and good performance in a variety of environments, as 

long as the circuit under test (CUT) partitions are reasonably matched with respect 

to size and capacitance.

J. Kim et al. [87]. [86] presented a BICS shown in Figure 4.8 based on the 

current mirror circuit. The proposed BICS first compares a quiescent state current 

consumed by the CUT with a reference current, I  ref- The circuit consists of three 

NMOS transistors, two PMOS transistors, a constant reference current source, and 

one inverter. The NMOS transistor. Qo, is operated as a switch, either isolating or 

connecting the BICS to the circuit under test. When transient peak appears at the 

input o f the BICS. NMOS current mirror pairs, Q\ and Qz, have a minor effect on 

dynamic current, since the switch transistor, <2o, is turned on. The NMOS current
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Figure 4.8: BICS proposed by J. Kim et al. [87]

mirror pairs. Q\ and Qz, replicate the defective current, I d e f - The PMOS current 

mirror pairs. (?2 and Q3, replicate constant reference current I  r e f - The drains of 

the PMOS replicating transistor and the NMOS replicating transistor are connected 

to the input of the inverter to generate the PASS/FAIL signal. The constant refer­

ence current is the same as the quiescent state current when the CUT is defect-free. 

When the quiescent state current, I d e f - is greater than the reference current, I  r e f . 

the output signal PASS/FAIL is set to ‘ 1’. which indicates the existence o f defects. 

The BICS requires three extra pins EXT , TCLK, and PASS/FAIL. Since the BICS 

is inserted in series with the CUT, it causes a voltage drop and a large capacitance 

between the CUT and the substrate. These effects cause the performance degrada­

tion and ground level shift. To reduce these undesirable effects, the proposed BICS 

adds an extra pin EXT  to the circuit. EXT  is grounded in the normal mode and is 

floating in the testing mode. The design implemented in 5 V CMOS 0.8 pm n-well 

process demonstrated operating speed of 25 MHz.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.6 Survey o f Proposed Designs Dragic

— Q out
Timing Transient

Current
Generator

Capacitance
Buffer

Clock Delay 
Generator

T9 H [ t 11

' !

T13 j -  
T 1 4  ]| i

I
" T

• j|T 1 S

J

- | f T 1 7
1 — ^Error

■'~l| T16 4  n 8

_ ]

Current Sensor

Figure 4.9: BICS proposed by Knight and Singh [89]

H. Kim et al. [85] have presented a built-in current sensor based on a mag­

netic FET used to indirectly measure the current. This non-invasive approach is not 

supposed to produce any CUT performance degradation. However, the authors re­

port difficulty in implementation and sensor’s sensitivity to leakage current, which 

causes large drifts in the calibration circuit.

Knight and Singh [89] implemented a 5 V  2 pm CMOS-based error detection 

circuit. Figure 4.9, which detects and signals flip-flop’s setup or hold timing vio­

lation. Changes in input signal D,n generate transients which are evaluated by the 

current sensor with respect to a clock edge. The current from the buffer passes 

through T5 whose gate is connected to power supply line. This transistor serves as 

a resistor that converts the current to a voltage. The sensor measures this voltage 

and compares it to the reference voltage. The reference voltage is created by proper 

sizing of transistors 7]4 and T\z. which are connected between power and ground 

and turned on to create a constant current. The sensor consists of two inverters con-
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nected in a latch configuration connected to power through Tj, which serves as a 

switch. The measured voltages are connected to the sensor through pass transistors 

T(, and T13. When the delayed clock signal is high, the T(, and 713 are turned on 

and T-j is turned off. This allows the charge from the measured voltages to build up 

on the inverter inputs, but the output is not affected because when Tj is off. there 

is no power. When the clock falls, T(, and 71s turn off, which latches the voltages 

into the inverter inputs. The power to the inverters is also turned on at this time 

because Tj is turned on when the clock falls. When the inverters are powered up. 

the inverter with the higher input voltage dominates, and its output is pulled low. 

The outputs from both inverters are connected to another set o f inverters (T'^-Tis). 

which serve to buffer the sensor output from the rest o f the circuit. I f  the current 

from the current generator is greater than the reference current, then the output o f 

71o and T\ 1 is pulled high, and active-low E rro r signal goes to zero which indicates 

a potential error.

Lechuga et al. [93] proposed an I d d t  BICS for mixed-signal circuits based on 

the current mirror which is able to process the highest frequency components in the 

dynamic power supply current o f the circuit under test (CUT). The BICS adds to 

the resistive sensor an inductance made from a gyrator and a capacitor to carry out 

the current to voltage conversion. The authors reports an improved fault coverage 

in continuous circuits and switched current circuits.

Two simple built-in current sensors operating at 3 V and 5 V implemented in 

a 0.8 pm CMOS process for Id d q  testing are proposed by Lee et al. in [95] and 

[96]. Compared with other methods, authors claim that these designs have lower 

sensitivity to parameter deviation caused by process or temperature variations. In 

addition, they provide scalable sensing resolutions and programmable current ref­

erence. Experimental results show that a test response time of less than 2ns can be 

acquired when the faulty I d d q  current is higher than 250 pA.

Lo and Nicolaidis et al. [103], [132] proposed an application-specific CMOS 

built-in current sensor based on self-exercising concept. The BICS performs con­

current monitoring o f static current and detects the leakage current which accom-
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Figure 4.10: BICS proposed by Maly and Patyra 1110]

panies the parametric shifts. The authors identified a most challenging problem as 

the elimination o f the extra delay due to the inclusion of BICS.

A compact built-in current sensor based on a slightly modified latch compara­

tor is proposed by Lupon et al. in [105]. The design implemented in the 5 V

1.5 pm CMOS process allows detection of excessively high quiescent current with­

out the need for a voltage reference. The sensor requires a silicon area o f about 

160x90 pm2. The sensing is utilized by a NMOS devices connected between the 

ground and the CUT. The authors report CUT ground distortion on switching tran­

sients o f 625 mV for currents up to 3 mA. Lower distortion may be achieved by 

increasing the width o f the NMOS transistor used as a drop element.

A CMOS built-in current sensor proposed by Maidon et al. in [107]. [106] 

targets low power supply current monitoring and low power supply voltage mixed 

circuits. It takes advantage o f the parasitic resistor attached to an interconnection 

layer. The sensor was fabricated in 0.6 pm technology.

The BICS proposed by Maly and Patyra in [110] is shown in Figure 4.10. The 

design is composed of a voltage drop device (transistor Q\ ). comparator (M \-M j), a 

two-stage amplifier (M3. 7i), bistable edge-sensitive latch generating flag signal
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Figure 4.11: BICS proposed by Nigh and Maly [133]

(PASS/FAIL), circuit breaker3 (Mg. M\o, If), reference voltage source (Vref), and 

current source. I  r e f -  One can see that this circuit sets the PASS/FAIL flag at logic 

41 ’ and disconnects the CMOS functional unit from ground when Vce o f Q\ is higher 

than V r e f -

The main idea o f Maly’s design from Figure 4.10 is quite similar to the one 

proposed by Nigh and Maly in [133] which is shown in Figure 4.11. During normal 

operation, the NPN transistor T\ acts as a forward-biased diode, and appears only 

during transient current peaks as an extra Vbe drop between the modules virtual 

ground. Vc n d • and true ground, GND. When a Vd d  to GND short is present, the 

bistable circuit breaker w ill automatically power-up into its non-conducting state. 

As the voltage on the Vcnd node is pulled up. Ft w ill turn on, thus beginning to turn 

T4  off. As the Vcnd voltage continues to rise, T\ eventually switches off as well. The 

final result o f this positive-feedback process is that T4 w ill be completely cut off, 

thus isolating the faulty module from the power supply. The pull-down transistor. 

T3. is necessary to ensure that the bistable protection circuitry w ill power-up into 

the correct, conducting state. During normal operation, this transistor w ill not affect

3A circuit breaker is a piece of equipment which is designed to protect an electrical apparatus 
from damage caused by overload or short circuit. Unlike a fuse which operates once and then has 
to be replaced, a circuit breaker can be reset (cither manually or automatically) to resume normal 
operation.
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Figure 4.12: BICS proposed by Miura and Yamazaki [125]

the currents in the circuit significantly. I f  the BICS is in its non-conducting state, 

however, this transistor w ill conduct a small, constant current. The voltage Vcnd is 

proportional to the current through the CMOS module, and is compared by a sense 

amplifier with a reference voltage. The Pass/Fail flag is low when the current is 

normal indicating a fault-free state, and high when the current is abnormally high. 

The clocks < j)|, ( j b ,  and the voltage reference Vref  were generated off-chip.

Miura et al. presented several 3.3-5 V  built-in current sensor designs in [122]. 

[123], [124], [125]. In [123], the authors report sensor's capability to detect 24 pA 

abnormal Iddq at Vdd =  5 V, and 16 pA  at Vdd =  3-3 V. One of their most recent 

designs published in Journal o f Electronic Testing [125], is shown in Figure 4.12. 

The BICS is composed of three circuits: a small-load circuit, detection circuit, and 

delay circuit. The small-load circuit consists of a diode and a p-type MOSFET 

driven by two different power supplies, Vddi and Vdds- This circuit stabilizes the 

voltage at node N \, and plays the role o f a small load which senses variations of 

CUT's supply current. The detection circuit detects the abnormal Idd and produces 

a certain logical value. The delay circuit prevents incorrect output due to a transient 

current when the gates in the CUT are switching. The voltage at node N\ is pulled 

up by using the diode, preventing an excessive voltage drop at N \. Vddi is set 

to Vdd \ +0.6  V. The p-type MOSFET (M i), which is driven by Vdd\■ ensures 

uninterrupted power supply. The detection circuit consists of a current mirror and 

an I-V  converter driven by different power supplies, Vddi and Vddi ■ Current 7]
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Figure 4.13: BICS proposed by Miura and Kinoshita [124J

passing through the transistor Mo is copied by the current mirror; as a result, h  flows 

into M3. To activate M2, o f Mn must be higher than its threshold voltage, V,p. 

Therefore. Vod3 is set to a higher voltage than Vfooi by, approximately, threshold 

voltage. V!p. The I-V  converter converts h  passing through M3 into a logical value. 

To prevent generating incorrect output due to the transients, a delay circuit is used 

instead o f a latch circuit seen in other designs. The output of the BICS is delayed by 

the propagation delay in the delay circuit which produces a high-level output when 

a high-level input continues for more than a predetermined time interval.

In [124], Miura and Kinoshita proposed another circuit for built-in current test­

ing shown in Figure 4.13. The testing circuit is composed of V-I translator, level 

translator, and integral circuitry. The V-I translator transforms the CUT supply 

current to the appropriate voltage signal. The level translator adjust the level o f this 

signal so that it can be processed by the next stage. The integral circuitry flags a 

fault when a high level o f CUT supply current is present longer than a time period 

specified by the time constant o f the integrator, which contains capacitor C\ and re­

sistor R1. During the normal mode o f operation, Tmode =  GND. Ngnd =  GND. and 

T v d d  =  GND. In test mode, Tmode =  VDD, N g n d  is floating, and T v d d  =  v d d - The 

output o f the testing circuit, Tout, is logic one when the CUT is fault-free, and logic 

zero when the CUT is faulty. The N g n d  terminal is open when the CUT is in the
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test mode, and is connected to system GND when the CUT is in the normal mode to 

reduce the performance degradation. The voltage on Node 2 changes as centering 

on V,n =  0.6V depending on the voltage on Node 1. A  faulty current threshold is 

determined by the sizes o f MP\, MPi. and A/M . The sizes of inverters are deter­

mined so that their threshold voltages are Vdd I 2- Node 5 charges and discharges 

during the time determined by the time constant, x. I f  the high logic level on Node 4 

continues for more than the time interval determined by x, then Node 5 falls below 

V d d / 2 . .  and, as a result, Tou, changes to the logic zero.

Pecuh et al. [138] proposed an on-chip low-power circuit for both quiescent and 

transient current monitoring. The authors report a small area overhead. The monitor 

is designed for low-voltage digital CMOS circuits (1.5V). The same design can be 

used in the testing o f analogue and mixed signal circuits. Testing speeds of up 

to 25 MHz can be achieved (including the 4-bit A/D converter, 100 MHz without 

the converter). The monitor has been implemented in 0.5 pm and 0.35 pm CMOS 

technology and tested on parallel chains o f inverters as circuit under test.

In [141], Picos et al. presented experimental results on a built-in current sensor 

for dynamic current testing, based on integration (charge) concepts. The exper­

imental validation proposed in this work is done through a VLSI CMOS circuit 

implemented in a 0.7 pm technology. The authors recognize that further design 

improvements are required to obtain high speed transient sensors.

Two types o f built-in current sensors are analyzed by Rius and Figueras in [157]: 

one based on a simple p-n junction as a sensing element (DBICS) and the other 

based on a lateral bipolar junction transistor (PBICS). Estimated values are com­

pared with experimental results in circuits built in 1.5 pm technology. The experi­

mental results show a good dynamic PBICS behavior up to 8 MHz with sensitivity 

of 4.49 mV/pA. When the DBIC sensor is used, the maximum frequency allowed 

is dependent on the R value and a maximum frequency o f 10.5 MHz was obtained 

with 1.187 mV/pA sensitivity and 2.8 MHz with 4.826 mN/pA sensitivity.

Two current sensor circuits have been presented by Rubio et al. in [161] for the 

application of quiescent current inspection techniques to VLSI testing. The first is
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Figure 4.14: BICS proposed by Tang et al. [195]

a non-built-in circuit that can be used in environments with classical ATE and any 

class of digital CMOS integrated circuit. The circuit gives through an input node 

o f the ATE equipment information about the quiescent current test for every test 

pattern. The second circuit is oriented to BIST circuits (BISC).

A built-in 5 V 1.5 pm CMOS dynamic current sensor for digital integrated 

CMOS circuits has been proposed by Segura et al. in [172]. Sensor behavior is 

supposed to be independent of DUT parasitics so it can be used with large inte­

grated circuits. The author reports testing frequency of 1 MHz.

An on-chip dynamic power supply current sensor for balanced current-mode 

analogue circuits has been presented by Sidiropulos et al. in [184]. Based on sim­

ulation results, the authors conclude that the new approach provides fault coverage 

comparable to that achieved by previous methods based on a similar principle, but 

with a much cheaper solution since no additional external equipment is required.

Siskos and Hatzopoulos in [186] presented a very simple 2.5 V BiCMOS current 

sensor for on-chip current monitoring giving a precise analog output proportional to 

the quiescent current. Simulations show feasibility o f the sensor to operate at high 

frequencies. Due to its simplicity, the sensor’s silicon area overhead is very small.
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Table 4.1: Comparison of Several Proposed Current Sensors [195J
Characte ris tic* P ova lij's M a ly ’s M iu ra 's Shen'* V crb e ls t’s O P A -B IC S

[9] W M l M l [13] [14. 24]

P rim itives  U*cd (2 x # g a te s  

+ 1 )  T r* .

13 Ttw . 

+1 la v .

10 T r* .+ 2  la v . 

+ 2 N A N D

36 IV * . 

l A  +  l C

13 T r*. +  I D 17 T r* . 24 T r* .  r l R

A rea 8 x  103 “ N A N A 134x89 8294 N A 326X 246

Process X 3*on 3 p xa 2 p m 2*iin O .7joa Q .tp m

C lock X V (2 ) v W X VP) X V O )

M ode select %/ X V y / X X X

C U T  degradation N A < 2 5 % N A N A <14.4% N A ° neglig ib le

Technology FC M O S B iC M O S 1 B iC M O S 1 F C M O S FC M O S F C M O S A n y

Sam pling Rate N A 2 0 M H s N A 3 0 M H * 30M H.S 5 0K H » > 5 0 M H s

| Te s ta b ility X X X A X X A

R o is te r X X X %/ X X y /

Capacito r X X X y / X X X

V /Ix e f . X V y / X y / y / X

Resolution N A 50j*A N A S O M 8 0 M N A < 1 4 0 M  (Scalable)

C o n tro l P in 1 3 5 3 3 2 < 3

| O u tp u t  P is 1 1 1 1 2 1 1

Com . VD D jG N D % / / x > / / x % / / * y / /  x v 7 * x  / y / v / v

Note: * -  ca lculated  b y  1 )4 x 1 5 7 x 4 9 .1 8 %  as e s tim a ted  b y  [10], O : T h e  V D D  d e g ra d a tio n !*  a b o u t lOOmV, f- la tc ra l N P N /C M O S  

$-2n* d etection  t im e , ^ -N e e d  o r  Yes, X -D oe»  n o t  need o r N o , A - th e  test fo r  B IC S  its e lf  is  g iven

In [195], Tang et al. proposed the 0.8 pm OPA — BICS CMOS design for built- 

in current sensor shown in Figure 4.14. Due to the properties o f an operational 

amplifier, the voltage at the non-inverting node is approximately equal to the voltage 

of the inverting node, and no current flows into or out o f V+ or V~ (7+ =  I~  =  0). 

The V+ of the amplifier is connected to the original power supply level and the V~ 

is connected to the Vpp node of the CUT. This amplifier is powered by an additional 

pair of power supplies. V^D and V 5 5 .  where V'DD must be higher than Vpp, and V 5 5  

is common-grounded with other BICS modules. For example, i f  the CUT operates 

at the standard power supply level (3 V/0 V) then VpD. can be designed to work at 

a 5 V  level. Theoretically, the CUT can be operated at the same performance level 

as the circuit without the BICS i f  the operational amplifier is ideal. A  series resistor 

Rs, is connected between the output node of the amplifier and the VDD node. The 

voltage drop on Rs is proportional to power supply current. This implies that various
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Figure 4.15: BICS proposed by Lee and Tang et al. [96]

values of Rs could be selected, depending on the resolution requirement. Authors 

provided a comparison o f various current senors which is shown in Table 4.1.

Lee and Tang in [96] presented a current sensor based on the current-mode de­

sign. The sensor circuit is shown in Figure 4.15. The BICS consists o f two current 

mirrors (M\, AL) and (A/3, A/4), inverter INV \ , normal/test mode selector. A/5 and 

A/5, reference current generator transistor A/7, and optional voltage reference cir­

cuit. The first current mirror (M\, AL) copies the reference current I ref  to I \ , while 

the second mirror (A/3, A/4) is used to mirror the Idd current to L . The INV\ is 

used as a current comparator. Functionally, ld =  h ~ h  - and this current w ill charge 

or discharge the input of inverter INV \ , depending on the Id direction. Due to the 

fact that the input impedance o f the inverter INV\ is almost infinite, the Id current 

w ill be very small and I\ ss L . I f  I rej  Idd- only one o f the current mirrors w ill 

operate, i.e., either Irej  or Idd- Assuming initially Irej  =  Idd- then I\ =  h  =  Idd- 

When I ref  increases, the gate voltage on M 1 and A/2 w ill increase, which results in 

the increase o f the gate-source voltage o f AL: Therefore, I\ w ill become greater 

than h  and the input o f INV\ w ill be immediately discharged, which results in a 

logic *1’ flag at node N. Conversely, i f  Ire/  decreases to less than Idd- node N  w ill 

be pulled-down. Because of the high input impedance of the current comparator 

and the utilization o f current mirror, even a very small difference between I rej  and
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Idd w ill be distinguished, which means the BICS can achieve good resolution. The 

input capacitance o f the INV\ determines the detection speed o f the sensor.

Vazquez and Gyvez in [208] implemented a 0.18 pm CMOS built-in current 

sensor design for AI d d q  testing. This implementation has three distinctive features: 

1) built-in self-calibration to the process comer in which the circuit under test was 

fabricated; 2) digital encoding o f the quiescent current o f the circuit under test: and 

3) implementation o f two AI d d q  testing algorithms.

Many patents describing different topologies and types of current sensor circuits 

can be found, too. A patent filled by Lee et al. [97] describes a built-in current sen­

sor for Iddq monitoring which includes a reference current generator, two current 

mirrors, an inverter, and a multiplexer to switch between the normal circuit opera­

tion mode and the test mode. Maly et al. invented a built-in current sensor which 

is provided to sense abnormal quiescent current flow through the integrated circuit 

while ignoring normal high current peaks [111]. A  sensor patented by Needham 

et al. [131] utilizes a magnetic sensor circuitry which is not series-coupled to the 

circuit under test. The magnetic field sensor is located on the substrate near the 

supply line o f the integrated circuit and detects the magnetic field generated from 

the supply line current. The monitor produces a measurement result calibrated to 

indicate when Iddq has a predetermined value. Manhaeve et al. in [49] disclosed 

a system for high-resolution measurements of a supply current o f an electronic cir­

cuit. The system comprises a bypass unii, a second generation current conveyor 

based measurement unit, a comparison evaluation unit, and an optional latch unit to 

hold the measurement result until the result o f the next measurement is valid.

The preceding survey of the proposed designs clearly reveals that all of the 

described circuits require a sensing element, usually a resistor, and a fast amplifier 

to achieve effective current sensing performance. In the next chapter, we present a 

novel current amplifying cell based on the application o f the current conveyor, and 

a new built-in current sensor amplifier topology suitable for current monitoring test 

applications.

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5 

Current Amplifier Design

5.1 Introduction

The fundamental signal-processing function employed in almost every electronic 

system is signal amplification. Numerous types o f amplifiers have been known for a 

long time and their behavior, design, and properties is a well-researched topic [26]. 

The demand for low-power, low-voltage analog integrated circuits has increased 

in all areas o f applications [217], With the latest technologies, the power supply 

voltage o f core digital devices is scaled to the level o f 1 V. The reduction in digital 

supply voltages has inherently carried over to analog systems, where the design 

limitations have become more severe.

In addition, including the analog and digital circuitry on the same substrate has 

become a standard practice in the industry as a way to reduce the cost. Through the 

continuous technology expansion, system-on-chip (SoC) emerges as a structure that 

provides the level of integration far beyond traditional mixed-signal devices. The 

high level o f integration, decreased supply voltages, and constraints with respect 

to power consumption impose significant challenges for analog design in general. 

Some well-known and long-time existing design techniques have become unattain­

able in the low voltage environment. For example, low supply voltages necessitate 

the use of cascading rather than cascoding, for achieving high gain at moderate and 

high frequencies. Apparently, there is a strong need for new low-voltage ampli­

fiers that maintain similar performances with respect to ones with higher voltage
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Figure 5.1: Typical monitoring environment

supplies.

As described in Chapter 4. Section 4.2 (page 68). strict requirements for efficient 

current monitor design pose a significant challenge for a designer. In this chapter, 

we propose an amplifier topology suitable for power supply current monitoring, 

the technique well established in many application areas such as testing, quality 

control, security, etc..

In a typical monitoring environment, shown in Figure 5.1. the circuit under test 

(CUT) is connected to the power supply through the sensor. The amplifier receives 

a signal from the element which senses variations o f the power supply current I d d - 

In the presence o f a defect, the level and shape of I d d  current changes, indicating a 

defective device.

Presently, a significant limitation to production application o f current monitor­

ing is the speed at which measurements can be made [6]. The availability of highly 

linear devices capable o f operation at today’s high frequencies, with the sensitivity 

in a micro-ampere range, presents one o f the key issues in the efficient application
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of the current monitoring technique. Moreover, the ultra low-voltage environment 

makes the design difficult, which explains the lack o f transimpedance or current am­

plifiers suitable for such applications. Yet another challenge in the monitoring of 

highly integrated devices and SoC architectures is reduced accessibility and control­

lability of internal cores. A  built-in methodology for IC monitoring is considered 

presently the most efficient way to overcome existing problems [192].

As described in Section 4.6 on page 77, sufficient research has been devoted to 

the development o f effective current monitor topologies, and many schemes have 

been proposed. Although the current sensing ability has been enhanced, there are 

still many unsolved problems. For example, many designs have been proposed for 

older technologies which assume higher power supplies. Such designs can not be 

utilized in deep sub-micron battery-operated environments. A  noticeable setback 

may be the impact on the circuit under test and its performance when a sensor is 

placed in a power supply line. The development o f effective built-in current moni­

tors depends on our ability to design an amplifier that meets the requirements out­

lined in Chapter 4, Section 4.2 (page 68), namely, low area overhead, negligible 

performance loss, reasonable power dissipation, capability of high-frequency mea­

surements, high sensitivity, and low distortion. In this chapter, we propose a solu­

tion that satisfies these requirements. We present a novel built-in amplifier topology 

that could be successfully employed in a current monitoring scheme as a front-end 

device o f the built-in monitoring system (i.e., sensing and detection device).

5.2 Current Amplifier

The amplifier, shown in Figure 5.2, is based on the novel current amplifying cell 

(transistors M\ to Mg) supported by an additional gain stage (Mn\ , M ni, Mn3. Mp\. 

Mp2 . and Mp3 ) and the source follower input stage ( M s f  and Rp) [36J. Rp resistor 

is chosen to set the bias o f the next amplifying stage (Stage II)  with Vs ~  Woo 

(a current source could be used, also). Table 5.1. Table 5.2. and Table 5.3 list 

the values o f circuit parameters o f implemented 0.13 pm and 0.18 pm designs for 

Stage I. Stage II, and Stage III, respectively.
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Figure 5.2: Current monitor amplifier schematic

The resistor Rs =  50 Q. is chosen as a current sensing element. The sens­

ing element (as well as the current amplifier) is susceptible to temperature and 

process variations. This could negatively affect the result o f the monitoring process 

where accurate measurements are required. Several techniques have been proposed 

to minimize the impact on accuracy o f measurements and improve the decision 

process. A  differential current monitoring approach significantly reduces potential 

implications o f temperature or process variations by processing the difference o f
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Table 5.1: Specification of Design Parameters -  Stage I

Source Follower 0.18 pm  Design 0.13 pm  Design

Msf (W/L) [pm!pm) 8/0.18 9/0.13

Rf [ ft] 2k 1.5k

rs [a j 50 50

Tabic 5.2: Specification o f Design Parameters -  Stage II

Second Gain Stage 0.18 pm  Design 0.13 pm Design

M P\ (W/L ) [pmlpm] 2/0.18 m =  \ 0 2/0.19 m =  16

M pi (W/L) [jum/pmJ 1.6/0.18 m =  10 1.6/0.13 m =  12

M p 3  (W/L) Lum/jum] 3.2/0.18 m =  10 3.2/0.13 m =  19

Mm (W/L) [//m/pm] 0.5/0.18 m =  10 0.5/0.19 m =  16

Mn2 (W/L) [pmlpm] 0.5/0.18 m =  10 0.5/0.13 m =  12

MN 3 (W/L) [pm/pm] 0.5/0.18 m =  10 0.5/0.13 m =  19

two current measurements [144], In this case, i f  the resistance o f the sensing ele­

ment increases due to the temperature, all current measurements w ill be elevated, 

but their differences should remain the same for defect-free circuits. Another sim­

ple. yet efficient measure to counter the effect o f temperature variations is to layout 

Rs as a series connection o f two resistors with opposite temperature coefficients 

(e.g., resistive poly with positive and N-diffusion with negative temperature coeffi­

cient) [39].

Current Ipc represents the offset current which sets the operating point o f Stage 

I. Current icuT denotes the total power supply current of the monitored system. 

When the power supply current is drawn by the system, it produces a voltage drop 

across the resistor. This voltage drop is transferred through the NMOS source fo l­

lower to the next amplifying stage (Stage II). The follower provides a wide-band 

gain frequency characteristic. However, as a disadvantage, the transistor M sf con­

tributes quite considerably to the total noise which, in turn, lowers amplifier’s dy­

namic range especially at lower frequencies.

Since the substrate of Msf is not tied to the source, the body effect occurs. Tak-
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Table 5.3: Specification of Design Parameters -  Stage I I I

Current Amplifying Cell 0.18 pm  Design 0.13 pm  Design

M i (W/L) Ijum/jum] 80/0.5 m =  1 80/0.13 m =  1

M2 (W/L) [/mi/jum] 8/0.5 m =  1 8/0.13 m — 1

M3 (W/L) [um/qm] 20/0.5 m =  1 20/0.13 m =  1

M4 (W/L) IjumZ/im] 2/0.5 m =  1 2/0.13 m =  1

M5 (W/L) Lum/jumJ 80/0.5 m =  1 80/0.13 m =  1

Me (W/L) [um/jurn] 8/0.5 m =  1 8/0.13 m — 1

M7 (W/L) [pm/pm] 86/0.5 m =  1 81/0.13 m =  1

M8 (W/L) [pmlpm] 300/0.5 m =  1 300/0.13 m — 1

M9 (W/L) [umZ/jm] 8/0.5 m =  1 8/0.13 m — 1

Rl [Q\ 1 1

Vnc [V] 0.9 0.6

Uiias LuAj 10 35

ing into account the body transconductance gmbSF o f Msf- a low-frequency small 

signal gain o f the source follower can be expressed as

^     SntsF^F II r°SF )Rs  (5 1)
i  ms J ' {gmSF Sm b$f) (R f  || r osp)

where vs denotes the source voltage, gmsF is the transconductance, and r0SF repre­

sents the incremental output resistance o f M sf■ The second stage low-frequency 

voltage-to-current ac gain is

lin   9 ,
~  — ~ 8 m \ t‘o \,p1 l'o*jp-,gm\'pl gm\>p^Smvp, — '

where output resistance r0NPx — r„Nx || r0Px and transconductance gms,Px =  gmNx +  

g,„Px. fo rx  =  1,2,3. The current denotes the AC component o f the second stage 

output current //at, which is. also, the input current of the third stage.

5.3 Current Amplifying Cell

The new current amplifying cell (Stage I I I  in Figure 5.2) is designed as the core 

circuitry of the amplifier. It is based on application of the current conveyor [26],
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[200], [92], [194]. The gain o f the cell should be well defined in the bandwidth that 

starts from zero and goes to very high frequencies. Also, the cell should be easily 

(preferably, directly) cascaded with other similar cells (this is why we call it “am­

plifying cell'). To arrive at our goal, we decided to use a CMOS current conveyor in 

the inverse mode of operation. The input signal is a current, and it is supplied to the 

terminal that was used for connection o f the voltage-to-current converting resistor. 

The terminal that was previously used for application o f the input voltage signal is 

now connected to the reference or ground potential. The terminal with output cur­

rent is used as in ordinary applications o f a current conveyor. These modifications 

resulted in a new wide-band CMOS current amplifying cell satisfying the above 

formulated requirements.

The cell has a current gain that depends on transistor dimensions only. To in­

crease the gain the cells can be cascaded directly. This direct cascading is achieved 

by using an input stage sub-circuit that can be called a ‘voltage mirror'. In a familiar 

current mirror, shown in Figure 5.3a, the transistor M? sources the current K l into 

the ground line when its aspect ratio is K  times larger than the aspect ratio of M \. 

I f  the source potential Vs is specified, then the gate potential Vc can be calculated. 

This circuit can be inverted. Figure 5.3b, when the current ratio is set. Then, i f  the 

gate potential Vc of the left transistor is specified, then the gate potential o f the right 

transistor becomes equal to Vc  as well.

This property allows transmission o f the voltage from one side of the circuit to 

another, and. eventually, provides direct cascading o f the cells. The cell, in addition 

to this voltage mirror input stage, includes a common source amplifying stage that 

amplifies the current developed inside the cell's input stage. The implemented cell 

is analyzed, and the transfer function for current, cell's input impedance, and tran­

simpedance (for the resistive load) are found. Then, the frequency compensation 

for optimized frequency response is proposed. The above mentioned frequency 

dependencies of the cell parameters are calculated for the compensated circuit as 

well.
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v DD

GD i(K +i)

9

IC­BC—

KI

b)a)

Figure 5.3: Voltage mirror concept: a) current mirror with specified source voltage 
b) inverted voltage mirror

5.4 Cell DC and AC Small-Signal Parameters

5.4.1 DC Gain

The cell shown in Figure 5.2 (Stage III)  includes the input stage (transistors M\ to 

A/4) configured as a voltage mirror. This stage is biased by two transistors A/5 and 

A/e,. In practice, these two transistors can be combined into one unit, yet they are 

shown separately because this representation helps to understand the circuit design. 

For proper functioning o f the circuit, it is required that the following aspect ratio 

requirement be satisfied:

{ W/L)x _ (W/L ) 3 (w / L h _ M  (53)
(W/L ) 2 (W / L ) 4  (W/L)e

The cell output stage is the common source transistor A/7 loaded by the current 

source transistor M$. It is also required that in this stage the following aspect ratio

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Drasic 5.4 Cell DC and AC Small-Signal Parameters

DC Transfer Characteristic
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Figure 5.4: Current amplifying cell DC transfer characteristic 

relationship be satisfied:

(W/L)s (W/Lh
=  N . (5.4)

(W/L ) 6  (W/L)  4

I f  the gate of My is connected to the voltage Vpc, then the requirement in 

Eq. (5.3) provides V/ar =  Vdc at the gate of M\ when the source o f input signal 

is disconnected. From the other side, i f  the transistors are ideal, then the condition 

in Eq. (5.4) results in I I  =  0. and Vi =  Vdc in this case. Hence, the cells o f this 

type can be cascaded directly. In practice, due to transistor asymmetry, one has 

to slightly tune the sizes o f My or Ms, or to introduce an output offset cancelation 

current source.

Let us calculate the DC gain o f the cell. When the input current increases by 

AI, then the current in M\ decreases, and in My increases by Al\ .  This A/i is the 

difference between the input signal and the feedback signal MA1\. One obtains the
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in

m

Figure 5.5: Small signal equivalent circuit for compensated cell

equation:

A1 =  A l\ + M A I ] . (5.5)

Hence, one finds that

a /i =  x r n -  (5'6)M  -f 1

The load current can be found as

AJL =  N M l = - ^ — . (5.7)
M +  1

Therefore, the circuit DC gain is equal to

A// N

+ t - (M )

One can see that the cell has a current gain which depends on transistor dimen­

sions only. The circuit transfer characteristic, shown in Figure 5.4. is linear for

A/= ±100 j jA with a sharp transition to lim it negative input currents. This lim it 

corresponds to the drain current of transistor Ms.
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Current Gain with lbias = 10 pA

-10

  1)calculated, noncompensated
x 2)simulated. noncompensated

+  3)calculated, compensated
o  4)simulated, compensated-30

-40

Frequency, MHz
Figure 5.6: Cell’s current gain frequency characteristics

5.4.2 AC Low-Frequency Parameters

Let us calculate now a low-frequency small-signal gain and other circuit parameters. 

The system of equations

gm  I vin ~  g m \v s!>2 =  I  in ~  g m 3 vgs3

gm 1 Vi„ =  {gm\+ gm2 ) VSi?2 (5 -9)

gm4Vgsl =  gm2 Vsg2

describes the input stage, and the equation

11 =  gmlVgsl (5.10)
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is applied to the output stage o f the cell. The system (5.9) can be rewritten as

8m 1 8m1 8m3 Vin ‘ in

8m 1 8m] "T8m2 0 VX = 0
0 g m2 8mA . vv . _ 0 _

(5.11)

where we denoted vSS2 =  v’.v and 1^3 =  1̂ .7 =  vv. From Eq. (5.11) one can find that

(5.12)V,. =
8m3 "h SmA

Considering Eq. (5.10) one finds that

8 m l

8m 3+ 8mA

Hence, the low-frequency small-signal ac gain is

8  ml

(5.13)

(5.14)
l in 8m3 T  8  mA

The transconductance gm,• can be found as

W
8 mi = \ l  -PnC ox(~J~ )i^Di- (5.15)

Using Eq. (5.15) for i =  3,4,7, the design condition equations (5.3) and (5.4). and 

considering that /03 =  M /04 and I0 1  =  NIda- one obtains

K-,=
N

M -
=  K,. (5.16)

Another important circuit parameter is the low-frequency small-signal input im­

pedance. One can find from Eq. (5.11) that

lin [1 "b {8 m \/ 8m l)}
V;„ = (5.17)

Sml [1 ~r (gm3/£m4)]

Using Eq. (5.14) for i=1.2,3,4 and considering that Id i =  M /02, and (5.3) and (5.4) 

are satisfied, one obtains that

n __ __ (5.18)
I'm 8m 1

Finally, for the circuit loaded by a load resistance R i, the circuit transresistance is

n    O M    1y  p1<T — —--- =  /C,A£,.
tin

(5.19)
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Input Impedance Frequency Characteristics

 1)calculated, noncompensated
x 2)simulated, noncompensated
+  3)calculated, compensated
O 4)simulated, compensated

Q .

Q.

Frequency, MHz

Figure 5.7: Current amplifying cell input impedance

5.4.3 Compensated Frequency Characteristics

The numerical calculations show that the amplitude frequency response of the cell 

current transfer function has a pronounced peak. This is not always desirable, and to 

avoid it the circuit should be frequency compensated. This frequency compensation 

is achieved by placing a compensation capacitor Cc between the source and drain of 

M i. When Cc »  C ^ .  then the A/3 gate-drain capacitor C^ 3  can be omitted from 

calculations. The small-signal equivalent circuit for this case is shown in Figure 5.5. 

One can find that the current transfer function for this case is:

0  +  £ )K,(s) = gml
gm3 gm4 (1 -f- 2^- ]

where

C0.c = gm l

Cc

(5.20)

(5.21)
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/  Snili.Sm 'i +  gm 4) / c o o x

“ - i =  V c , c v + c - c , ; c y  (5'2- )

and
t    §m 4(C x +C c) 4-g m ’jC c  +  g m lC y   _

- \ f g m l (gm3 +  S m i ) y /C x Cy -~ C c {C x  — Cv)

The lumped capacitors are calculated as follows:

Cu — Cn? |

Cx  =  CgS2 t -  Csb ] +  Cs[,2 +  Crfb5  +  Cdb6  +  Cgds +  C g jf,  _  0 4 )
C v =  C «Sj  - r  Ct;.v4 +  Cgsl +  C d b l +  C dtA  +  C g d l +

T"C?47 (1 +  |AV21)

where A vi  =  -gm i^L is a second stage voltage gain. The calculated frequency

characteristic o f the current gain is shown in Figure 5.6.

The input impedance frequency characteristics o f the cell is shown in Figure 5.7. 

It can be expressed as

1 (1+ 2PcI^  +  ^ )
Zm(s) =  —   -----. w. : "‘ -sv (5 .25)

8m 1 ( l + - f - ) ( l + 2 § cl7rS- +  -$H
^ G>/j 1 y v ^ c l  Q p e \ CO^.j

where

and

_  / ______ (gml +  gm2)gm4______  (T 06 )
V  ( C l  +  Cx)Cy +  (CU +  Cx +  Cy)Cc 

8m4{CuJrCx) Jr(gm\ ~ F  8ml)C\- ~r (gml gm4)C-
Pci — ------  ■ - ....    ----- ‘ 1 ■ — - (D .— / )

- \ / {gm\  “Tgm2)gm4\ / (C i +  Cx)Cy +  Cu +  Cx +  Cv 

The circuit compensation can be also achieved by placing a compensation ca­

pacitor across the transistor M3. This placement corresponds to the compensation 

approach used in operational amplifiers [73]. In simulations, the results of both 

methods are practically identical (the value o f the capacitor that eliminates peak­

ing is almost the same). Yet, the reader can verify that this placement results in a 

third-order polynomial for the circuit denominator, i.e.. the poles and zeros o f the 

compensated circuit can be calculated only numerically.

The investigation o f the proposed cell shows that it has an easy tractable design 

and good high frequency capabilities. The input impedance can be reduced by 

increasing parameter M, and the gain can be restored by increasing parameter N in
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Figure 5.8: Current amplifying cell microphotograph

the design equations (5.3) and (5.4). This reduces the input impedance by l/g mi. 

and the resulting decrease of gain, due to the necessary increase of 1 /gm3. will be 

compensated by increasing l/g m7. The frequency band can be further increased if 

the bias current (and the power supply current) increases, and the circuit is designed 

with higher overdrive voltages. In addition, the circuit configuration allows one to 

add a current divider at the circuit output, and to use the high frequency asymptotic 

behavior of the current gain for the gain-bandwidth exchange. Finally, the cell was 

realized in 0.18 pm CMOS technology process (Figure 5.8) to test it separately from 

the amplifier.

5.5 Amplifier Properties and Scaling

During the course of this research work, five circuit prototypes were fabricated. The 

microphotographs of some fabricated chips are shown in Figures 5.11-5.14.

The amplifier shown in Figure 5.2 is implemented in two CMOS processes: a 

0.13 pm operating at a 1.2 V power supply and 0.18 pm with a 1.8 V power supply
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500

3 0 0

Figure 5.9: 0.18 pm amplifier frequency response for different //„>„

3 0 0

2 5 0

|  1 5 0

100

5 0 . 0

0.0

Figure 5.10: 0.13 pm amplifier frequency response for different Ihias
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Figure 5.11: Prototype 2 - microphotograph of the sensor's core circuitry

voltage. The first version of the chip was implemented in a 0.13 pm single poly, 

eight copper metal, salicide logic process (self-aligned silicide process, where both 

the gate and the source-drain regions are silicided) supporting dual-oxide 1.2/3.0 V 

operation. The second chip was fabricated in a 0.18 pm dual-oxide, single poly, six 

metal, salicide CMOS process with a nominal 1.8/3.3 V supply voltage.

We observed the effect of technology scaling on the amplifier’s properties with 

respect to power dissipation, silicon area. DC gain, frequency characteristics, total 

harmonic distortion, signal-to-noise ratio, dynamic range, and power supply degra­

dation of a monitored system. It was not possible to uniformly scale the amplifier 

design by using any o f the known scaling techniques such as constant field scaling, 

constant voltage scaling, quasi-constant scaling, or generalized scaling [40]. An 

attempt to uniformly scale the transistor sizes resulted in an amplifier with signif­

icantly degraded properties. Therefore, we decided to optimize the designs with 

respect to the gain-bandwidth product to power consumption ratio. A detailed com­

parison o f all relevant measured parameters o f 0.13 pm and 0.18 pm designs is 

summarized in Table 5.4.
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Tabic 5.4: Summary o f Parameters for the 0.13 pm and 0.18 pm Designs

G enera l 0.18pm 0.13pm S ig n a l to  N o ise  R a tio 0.18pm 0.13pm

Power Supply (VJ 1.8 1.2 Signal to Noise Ratio at 1mA rms Output, 10MHz [dB] 79.50 88.57
DC Current [mA] 3.60 4.77 Signal to Noise Ratio at 1mA rms Output, 100MHz [dB] 89.11 95.28
Power Consumption [mW] 6.47 5.73 Signal to Noise Ratio at 1mA rms Output, 200MHz [dB] 94.26 98.06

Die Area [pm x pm) 460x420 450x430 Signal to Noise Ratio at 0.1mA rms Output, 10MHz [dB] 59.50 68.57
Core [pm x pm] 130x80 130x90 Signal to Noise Ratio at 0.1mA rms Output, 100MHz [dB] 69.11 75.28

Signal to Noise Ratio at 0.1mA rms Output, 200MHz [dB] 74.26 78.06

Gain 0.18pm 0.13pm
Dynamic Range 0.18pm 0.13pm

DC Gain [dB] 51.89 48.30
Gain at 100MHz [dB] 49.13 47.23 Dynamic Range at 100MHz [dB] 95.87 102.04
Gain at 500MHz [dB] 35.71 38.89
Gain at 1GHz [dB] 25.58 32.04

Fall and Rise Time 0.18pm 0.13pm
Unity Gain Bandwidth [MHz] 3750.00 6780.00
3dB Bandwidth [MHz] 106.20 190.10 Fall Time 10%-90% at Input Step 1pA [ns] 3.31 1.84

Fall Time 10%-90% at Input Step lOpA [ns] 3.67 1.86

Total Harmonic Distortion 0.18pm 0.13pm Rise Time 10%-90% at Input Step 1pA [ns] 3.29 1.83
Rise Time 10%-90% at Input Step 10pA [ns] 3.57 1.79

Total Harmonic Distortion at 2pA p-p 100MHz Input [%) 0.82 0.14
Total Harmonic Distortion at 4pA p-p 100MHz Input [%] 1.86 0.3

Noise Analysis 0.18pm 0.13pm
Main Harmonic RMS at IpA p 100MHz Input [mA] 2.84E-01 2.30E-01
Worst Harmonic RMS at 1pA p 100MHz Input [mA] 2.29E-03 3.28E-04 Total Input Referred Noise at 10MHz [pWsqrt(Hz)] 270.92 143.97

Total Input Referred Noise at 100MHz (pWsqrt(Hz)] 121.56 74.98
Total Inpul Referred Noise at 200MHz [pV/sqrt(Hz)j 102.44 68.93

Input and Output Swing 0.18pm 0.13pm
Equivalent Output Noise at 10MHz (nWsqrl(Hz)] 105.98 37.30

Maximum Input Swing p-p [pA] 12.0 30.0 Equivalent Output Noise at 100MHz [nWsqrt(Hz)) 35.05 17.22
Maximum Output Swing p-p [mA] 3.3 6.2 Equivalent Output Noise at 200MHz [nV/sqrt(Hz)j 19.37 12.50
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Figure 5.12: Prototype 5 - microphotograph of the sensor design

Table 5.5: CUT Average Power Supply Degradation

CUT Average Supply Current 

I d d  [pA]

0.18 pm Design 

PSD [%]

0.13 pm Design 

PSD [% ]

100 0.28 0.41

200 0.56 0.83

300 0.83 1.25

400 1.11 1.67

500 1.39 2.08

Power dissipation of the 0.13 pm scaled design decreases by 13%. The design 

in 0.13 pm dissipates 5.7 mW whereas the design in 0.18 pm consumes 6.5 mW 

total power. The total silicon area of both designs remains approximately the same 

because most of the silicon is occupied by the pads. The core areas of the designs 

implemented in 0.13 pm and 0.18 pm technologies are 130 pm x 90 pm and 130 pm 

x 80 pm, respectively.

In the following, we show some results pertaining to 0.13 pm and 0.18 pm 

realization. Figure 5.9 and Figure 5.10 display how the DC transfer characteristic
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Figure 5.13: Prototype 5 - photograph of the sensor chip in 24-pin ceramic flat 
package

and frequency response of the amplifiers vary with the output biasing current faas 

(due to the limited variation o f the linear vertical scale is more representative). 

Figure 5.15 and Figure 5.16 show DC input-output current transfer characteristics 

o f the 0.18 pm and 0.13 pm amplifier designs, respectively. It can be seen that the 

linear range and amplifier’s gain are both increasing with increased 4 ,-aj current.

The amplifier’s gain frequency characteristic is significantly improved with scal­

ing. The improvement is measured in time domain with respect to the rise and fall 

time, and in the frequency domain with respect to the 3 dB bandwidth and unity 

gain frequency. Almost 100% improvement has been recorded for each parame­

ter. The unity gain frequency extends to 6.8 GHz, whereas the 3 dB bandwidth is 

190 MHz for the 0.13 pm design. For comparison with the 0.18 pm design, the 

reader is referred to Table 5.4.

The time domain response is demonstrated in the experimental simulation of 

typical monitoring application (Figure 5.17). This figure is intended to show the 

operational limits o f the sensor. The power supply current of the monitored system
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Figure 5.14: Prototype 5 - microphotograph of the sensors core circuitry

with its high transient and small quiescent component is simulated at the input o f 

the amplifier, at the frequency o f 200 MHz. A  static value o f Idd current o f the 

system is set to 20 pA. and in one o f the periods it linearly changes from 20 to 

21.2 pA  in steps o f 200 nA. Even in the presence o f high transients, the parametric 

analysis shows that the 0.13 p m  monitor detects I d d q  variations o f 200 nA with 

observable output changes.

Total harmonic distortion (THD) is a measure of amplifier's linearity. In mon­

itoring applications, the pass/fail decision sometimes requires the comparison o f 

values within several microamperes range. This decision could be impaired with 

non-linearities of the amplifier. The THD of the 0.13 pm design has been improved 

with respect to 0.18 pm design. However, the reduced linearity distortion could 

not be attributed to the scaling process itself, but rather to a larger input swing o f 

30 pA  for the 0.13 pm design obtained for the lower power dissipation. The rela­

tively small input swing range doesn’t lim it successful application o f the amplifier 

in either I d d q  digital test applications or power supply current monitoring for ana­

log circuits, Idd■ For the 0.13 pm design, the result o f Discrete Fourier Transform 

analysis of the output current is shown on Figure 5.18. The circuit is excited with
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Figure 5.15: 0.18 pm amplifier DC current transfer characteristics for different 4;av
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Figure 5.16: 0.13 pm amplifier DC Current transfer characteristics for different
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Figure 5.17: Detection of Idd Variations

a 100 MHz sinusoidal input current with an amplitude of 1 pA. The analysis of the 

output signal shows that the second-order harmonic at 200 MHz is 55.9 dB lower 

then the main one. Other higher harmonics are even more suppressed, and this re­

sults in a low level o f the total harmonic distortion. As one can see in Table 5.4. 

total harmonic distortion of the 4 pA  peak-to-peak sinusoidal input signal is 0.3% 

for the 0.13 pm design.

Although the amplifier is placed in the power supply line o f the monitored cir­

cuit, the level o f the power supply degradation (PSD) during application is neg­

ligible. Since the sensing element Rs remained unchanged, the absolute level o f 

degradation for both designs remained unchanged too. However, the relative power 

supply degradation for the 0.13 ^m amplifier increases because the same voltage 

drop on Rs presents a higher percentage for the lower 1.2 V supply voltage. Details 

o f the average power supply degradation could be found in Table 5.5 which gives 

experimental values of PSD levels for circuits whose supply current is simulated by
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Figure 5.18: Discrete Fourier Transform of the output signal

the DC current source. More detailed power supply degradation analysis is given 

in Chapter 6, Subsection 6.3.2 on page 131. It is important to note that monitoring 

of the circuits that draw more then 500 pA  requires only that one parameter of the 

amplifier be adjusted, that is I d c  input offset current. By this adjustment, the level 

of the power supply degradation can be substantially decreased and practically kept 

to the minimum. In application with digital circuits, the power supply degrada­

tion would be determined by the transient currents only. In other words, transient's 

average contribution to the total leakage current would be the only factor which 

influences the average power supply degradation.

The amplifier's high sensitivity performance is an important requirement for 

the efficient application in the monitoring scheme. Different sources o f undesirable 

electrical interferences could mask a useful signal and make it indiscernible by the 

amplifier. To be detectable, the input signal must be higher then the noise floor
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Figure 5.19: Input referred noise

of the amplifier. A  minimum detectable signal is determined by the noise figure 

of the amplifier. The spectral density of the 0.13 /mi amplifier’s input referred 

noise is shown in Figure 5.19. To avoid the influence of flicker noise, we assumed 

the operation in the 100 MHz to 1 GHz range and calculated the spot noise over 

frequencies in this bandwidth. Yet, to have a better description o f noise properties, 

we included the signal-to-noise ratio at low frequencies as well. The results of 

noise calculations are also summarized in Table 5.4. The largest source o f noise is 

the source follower transistor in the input stage o f the monitor. It contributes 30% 

to the total output noise. Nevertheless, the 0.13 pm design's signal-to-noise ratio of 

75 dB for 0.1 mA 100 MHz output signal is reasonably high.
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5.6 Conclusion

Dragic

A novel application-specific high-frequency low-voltage current sensor amplifier 

has been proposed. Amplifier’s topology is intended for power supply current mon­

itoring applications. Due to its properties, the amplifier is suitable for I d d q  test 

o f digital circuits or power supply current monitoring o f analog devices. Also, the 

impact o f technology scaling on the amplifier’s performance has been investigated. 

The proposed amplifiers have been implemented in 0.13 jum and 0.18 j jm CMOS 

technology processes with 1.2 V and 1.8 V power supply voltage, respectively. Due 

to its overall performance, the amplifier has a strong potential for implementation 

with analog, digital and mixed-signal cores in system-on-chip monitoring appli­

cations. The scaling required no changes in the design topology, and resulted in 

the performance improvement. We expect that further scaling below 1 V w ill not 

require significant changes in the monitor architecture.
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Chapter 6

Current Sensor in Digital Test 
Applications

6.1 Introduction

The evolution o f the system-level integration has reached unprecedented dimen­

sions. As projected by the 2001 Technology Roadmap, in the next 10 to 15 years 

we w ill see a system-on-chip (SoC) with several hundreds o f embedded components 

that used to be individual VLSI devices [2]. Environments with such a magnitude 

of complexity require testing methodologies with significantly enhanced capabil­

ities and test mechanisms which provide low-cost and high reliability verification 

solutions [27].

Evident difficulties in the defect identification process could be attributed to 

several factors. The concentration o f the manufacturing defects is significantly in­

creasing with every new. scaled technology. Shorts and opens are the major type 

of defects in integrated circuits. Dominant failure mechanisms very often manifest 

themselves as non-catastrophic faults. These kinds o f faults (e.g., resistive bridges, 

conductive opens) do not necessarily affect circuit’s function and are usually not de­

tected during the initial production testing. However, they can cause a malfunction 

very early in the product’s life cycle and, as such, pose a significant reliability risk. 

Burn-in (Chapter 2, Subsection 2.2.3, page 11) is the standard approach to better 

expose such faults, but the method itself is becoming cost prohibitive. Since these 

faults cannot be fully described by the existing stuck-at-fault model, voltage-based
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Figure 6.1: NAND and NOR gate resistive short faults

test techniques have a limited impact on their detection. Conventional methods pro­

vide only partial solutions to this problem, and are becoming severely limited by 

the strict power, area, and cost constraints. Therefore, new and improved techniques 

that would enable successful detection o f such faults are needed.

Current monitoring has proved to be very effective in detection of these faults. 

It is widely used in the industry as a complementary test method, mostly as I d d q  

test. During today’s production testing, I d d q  test is performed on the entire chip 

by either the automatic test equipment (ATE) or an off-chip current sensor. Such 

approaches result in low testing speed, reduced sensitivity, and limited accuracy. 

Also, with the increasing number of integrated components, the reduced access to 

deeply embedded parts obstructs the controllability and observability of the test­

ing process. Built-in current sensing devices could be a part o f the solution which 

addresses these problems. Moreover, on-chip sensors could provide better infor­

mation about a location of the fault because the sensor measures the supply current 

o f a single embedded component or a cluster of embedded modules instead of the 

entire integrated circuit.
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6.2 Digital Circuit Monitoring Application

In this chapter, we investigate feasibility, scope, and limitations o f the current test 

technique for digital circuits based on the proposed built-in current sensing device 

which was presented in Chapter 5. A  novel sensor topology is successfully em­

ployed in a current monitoring testing scheme. For verification purposes, the per­

formances o f the 0.13 pm design are investigated on several types o f digital circuits: 

64-bit RCA adder. 16-bit register, and inverter chain. The following experimen­

tal analysis is designed to probe sensor’s detection capabilities o f non-catastrophic 

short and open defects. Overall performance penalty and power supply degradation 

of the circuit under test are evaluated on 1.2 V 500-gate, 1000-gate, and 2000-gate 

asynchronous digital logic.

6.2.1 Context of Previous Work

The figures of merit for the successful current sensor design are outlined in Chap­

ter 4, Section 4.2 on page 68. On the other hand, major contributions in the area of 

current sensor design have been described in Section 4.6 on page 77. Notably, most 

o f the proposed sensor designs have been implemented in older technologies which 

do not reflect the same magnitude o f secondary effects as VDSM processes. As 

mentioned before, the most significant impediment to effective employment of the 

BICS is the performance degradation o f the circuit under test. The reported voltage 

supply degradation of 0.2-0.5 V for majority of the proposed 3.5 V or 5 V designs 

would not be acceptable in 1-2 V environment.

Beside detailed analog behavior analysis on which we elaborated in the previous 

chapter, ultimate performance of the proposed sensor needs to be verified in the 

current monitoring test application. For that purpose, we explore two key figures 

for sensor evaluation, that is, fault coverage and CUT performance degradation.
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Figure 6.2: NAND and NOR gate conductive open faults

6.3 Experimental Simulations

The functionality and performance of the current sensor shown in Figure 5.2 on 

page 98 have been analyzed in a current testing monitoring scheme through a two- 

step experimental process. The first part o f the experiment was intended to examine 

the fault coverage, sensor's capabilities, and limitations in detecting resistive open 

and short defects. The second part was designed to evaluate performance degrada­

tion o f digital circuits o f different complexity tested by this device. Two separate 

sets of test circuits have been designed for fault coverage and performance degra­

dation evaluation purposes.

6.3.1 Fault Coverage

Catastrophic (hard) defects such as low-resistive path between two circuit's nodes 

are relatively easy to detect either through functional or parametric test. Detection 

o f more subtle ohmic defects that do not necessarily cause functional faults has 

been a more challenging task. We investigated sensitivity o f the proposed sensor in 

screening such defects.

Figure 6.1 and Figure 6.2 describe the set o f resistive open and short defects 

within the NAND and NOR gates that were considered in this experiment. The
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Figure 6.3: Resistive short defect detection. 16-bit register

complete set o f all possible resistive shorts to be considered is very large even for 

circuits with a small number of gates. However, statistical probability of the faulty 

interconnect between two points is strongly dependent on their location and dis­

tance in the circuit layout. Therefore, we restricted our study to single resistive 

defects within the logic gate, and between the gate, source, and drain of the MOS- 

FET device. Such resistive defects cause broken wires (opens) and bridges (shorts) 

in the circuit and are sometimes referred to as defect-oriented or physical faults 

[165], [18].

For the fault coverage analysis, a simulation experiment was conducted with 

samples o f several types o f digital circuits designed in 0.13 pm standard CMOS 

with a 1.2 V power supply. We used a 64-bit ripple carry adder (RCA) using 2- 

input standard CMOS NAND-gate logic, 16-bit register based on 1-bit clocked D- 

latch built with 2-input standard CMOS NOR-gate logic, and a simple chain of 100
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Figure 6.4: Conductive open defect detection. 16-bit register

CMOS inverters. Each circuit was connected to the sensor as a CUT in the current 

testing monitoring scheme shown in Figure 5.2. The logic was provided with a 

power supply through the sensing resistor.

A ll resistive defects from Figure 6.1 and Figure 6.2 have been implanted within 

different gates in the layout of the testing circuit. The resistances o f defects were in 

the [0. 1GJO range, where 0 Cl bridge or 1 GO open presents a catastrophic defect. 

Although the fault coverage term is not defined for fault models with an infinite 

number of faults (i.e.. short or open resistance could have any value), we are using 

this term to quantify the efficiency of the sensor in terms of detectability o f the 

minimum resistive open and maximum resistive short.

To be detectable, faulty current of a CUT has to be distinguishable from the 

normal variations o f I d d q  current. We also need to set an I o d q  or CJo d q  threshold 

which is known to be dependent on the fault-free leakage current level. Since the
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Figure 6.5: Conductive open defect detection, RCA adder

fault-free leakage current is a function o f many variables which values have high 

variations and uncertainty, the faulty current can be either masked with them or 

wrongly reported in the case o f a inappropriately set threshold level. For smaller 

circuits this threshold is set to the level at least one order of magnitude higher then 

the fault-free circuit, i.e., ten times Iddq- For large circuits, the same approach 

would mean unacceptably high threshold level which would impair 1 D D q  test as a 

screening tool and many faults would escape the test. Therefore, the threshold level 

has to be set accordingly so that it takes into account state dependent variations of 

the leakage current, process variations, and temperature.

Furthermore, the faulty current should be detected by the sensor, which is, in 

essence, an analog circuit characterized by a limited gain, nonlinearity, input and 

output referred noise, and output variations due to the process tolerances, mismatch, 

temperature, power supply noise, etc.. As we are probing sensor's limitations rather
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Table 6.1: Sensor's Effect on I q d t  Current

500-Gate Logic Free Logic Monitored Logic Reduction [%]

Iddti [mA] 1.478 1.030 30.31
Iddt2 [mA] 0.808 0.595 26.41
*DDT3 [mA] 1.353 1.022 24.46
!ddt4 [mA] 0.807 0.587 27.22
Iddts [mA] 1.476 1.028 30.35

Average [mA] 1.18 0.85 27.75

1000-Gate Logic Free Logic Monitored Logic Reduction [%]

Iddti [mA] 4.502 2.316 48.56
Iddt2 [mA] 3.464 1.893 45.35
Iddt3 [mA] 4.022 2.167 46.12
Iddt4 [mA] 3.464 1.892 45.38
Iddts [mA] 4.526 2.324 48.65

Average [mA] 3.996 2.118 46.81

2000-Gate Logic Free Logic Monitored Logic Reduction [%]

Iddti [mA] 10.871 3.839 64.69
Iddt2 [mA] 8.149 3.043 62.66
Iddt3 [mA] 9.782 3.618 63.01
Iddt4 [mA] 8.152 3.042 62.68
Iddts [mA] 10.923 3.843 64.82

Average [mA] 9.575 3.477 63.57

then I D D q  test methodology itself, a designation o f the detectable/non-detectable 

resistive defect from sensor’s perspective is one of our primary objectives. For 

that reason, it is desirable to determine a minimum detectable signal (MDS) of 

the sensor. The MDS. which is dependent on the measurement bandwidth, is the 

smallest signal that can be detected above the noise. The level o f the incoming 

signal which can be detected by the sensor pertains to the noise floor of the system. 

Table 5.4 in Chapter 5 provides details on sensor’s input and output referred noise 

at several frequencies.
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Table 6.2: Signal Delay between Test and Normal Mode o f Operation

500-Gate Logic 50 Gates Delay [ps] 100 Gates Delay [ps] 200 Gates Delay [ps]

@  Id o u 29.41 51.77 81.69
@ Id d t 2 18.64 33.19 53.55
@ Id d t 3 29.54 51.96 81.64
@ Id d t 4 18.63 33.19 53.58
@  Id DT5 29.40 51.77 81.61

Average Delay [ps] 25.12 44.38 70.38

1000-Gate Logic 50 Gates Delay [ps] 100 Gates Delay [ps] 200 Gates Delay [ps]

@  Id d t i 79.05 133.88 200.27
@ Id d t 2 59.61 100.49 144.66
@ Id d t 3 69.05 117.31 171.96
@  Id d t 4 59.62 100.47 144.67
@  Id d t s 79.06 133.67 199.86

Average Delay [ps] 69.28 117.17 172.29

2000-Gate Logic 50 Gates Delay [ps] 100 Gates Delay [ps] 200 Gates Delay [ps]

@  Id d t i 161.14 282.15 427.78
@ Id d t 2 118.79 205.08 296.89
@ Id d t 3 143.88 252.00 374.70
@ Id d t 4 118.75 205.01 296.85
@  Id d t s 161.27 281.93 427.31

Average Delay [ps] 140.77 245.23 364.71

Based on the sensor's noise figure, measurement bandwidth o f 10-100 MHz, 

and minimum required signal-to-noise ratio at the input o f 3 dB, we estimated a 

minimum detectable signal o f A//,v=[350, 500]nA at the input o f the sensor. Taking 

into account 1.2 V supply voltage, the resistance of the maximum detectable short 

defect is calculated to be in the vicinity o f 2-3 M£2. In other words, any resistive 

short defect in the range 0-3 M£2 w ill be detected provided that the input test pattern 

activates a faulty path. Clearly, the detection o f short defects with resistances in 

the lower end o f this range w ill be more visible than the ones in the higher end. 

According to the study in [158], vast majority o f bridging shorts have resistance 

of less then 20 k£>, which is significantly lower than our detectability threshold of 

3 M fi. This makes them clearly detectable by the sensor.

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.3 Experimental Simulations Dragic

Throughout our experiment, we confirmed that all shorts (Figure 6.1) within 

the 0-3 range were detectable. Indeed, appropriate input signals to the gate 

have to be supplied in order to make a fault visible. Figure 6.3 displays apparent 

detection o f the short defect in a 16-bit register. The resistive defect /??4=100 k£2 

has been implanted in one o f the NOR gates o f the register. To expose the defect, 

combination o f input signals A =  0, B =  0 is applied to the faulty gate. When the 

faulty path is activated, output of the sensor clearly detects elevated supply current.

The analysis of the open defects. Figure 6.2. was noticeably different. Open 

resistive defects mainly cause so-called delay faults. They affect the shape of the 

transient current and appear as delayed peaks o f the power supply current. In Fig­

ure 6.4. when activated, a resistive faulty line o f the 64-bit RCA adder manifests 

itself as a delayed transient whose peak and displacement are proportional to the 

open defect conductance. The open defect with resistance o f 4 MO is clearly more 

visible then 2 MO open defect. Depending on the frequency, this kind o f defect 

might not affect the logical level i f  the circuit’s frequency is sufficiently low. Fig­

ure 6.5 displays RCA’s power supply current, sensor’s output, two NAND gate in­

puts, and NAND output. The implanted open defect produces time constant o f the 

faulty RC network which is sufficiently low not to affect the logic level o f the faulty 

NAND gate. It can be seen that this defect is practically invisible for functional test 

at 20 MHz test frequency. Nevertheless, the defect is clearly detected by the sensor 

through the parametric Iqd test.

The sensor was the most efficient in detection o f resistive opens within the range 

o f [100k. 50MJ£2 at 20 MHz. This range is frequency correlated as it depends on the 

testing speed. Also, catastrophic opens with resistance approaching infinity were 

not visible with this sensor device. However, such defects are easily detectable 

by the functional test. Transparency o f conductive open defects may be obscured 

sometimes, and such defects could be detected only by applying appropriate se­

quence to the input o f the faulty gate. For example, in order to screen Ro6 in 

NAND gate from Figure 6.2, one has to keep input A  at ‘ 1’ and then change input 

B from T  to *0'.
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6.3.2 Performance Degradation Analysis

The sensor is placed in the power supply line of a circuit under test. The sensing ele­

ment is a 50 Q resistor. Current which flows through the power supply line produces 

a small but measurable voltage drop across this resistor. This inevitably results in 

the power supply degradation (PSD) and, consequently, performance decline. The 

following analysis is intended to quantify the actual performance penalty due to the 

sensing element. Setting a higher value o f the resistor yields more sensitivity, but 

negatively impacts performance o f the circuit under test. On the other hand, very 

small resistor produces less degradation, but, unfortunately, diminishes sensor's ca­

pacity to screen low resistive opens and high resistive shorts.

In our next experiment, we observed performance degradation o f digital circuits 

of different complexity. The higher number of logic gates leads not only to the 

higher level o f static leakage current, but also to more intensive switching activity 

and proportionally higher transients. With the sensing element in the power supply 

line, transients could severely affect operation o f the circuit under test.

We used three samples o f asynchronous, combinational, standard CMOS digital 

logic with 500. 1000, and 2000 gates designed in a standard 0.13 pm CMOS process 

with a nominal power supply o f 1.2 V. The selection o f circuits for this analysis was 

based on the following criteria: 1) The sensor is evaluated in testing of standard 

CMOS circuits and, therefore, a CUT must be a digital circuit realized in standard 

CMOS logic: 2) Performance degradation w ill be mainly affected by the level of 

switching transients, which are directly proportional to the complexity/size of the 

CUT (assuming that the frequency o f switching and power supply voltage are fixed 

parameters). Having in mind 1) and 2), it is clear that, for example, a function of 

the circuit (e.g.. adder, multiplier, ....) is not relevant for this evaluation. It is also 

clear that the way the digital function is realized (NOR gates. NAND gates....) is of 

secondary importance.

With each circuit we did a following experiment: one sample o f the logic was 

connected to the power supply directly, and the other, identical one, was connected 

to the power supply through the sensing device. We observed and compared several
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Figure 6.6: Suppressed transients in the presence o f the sensor

key points in the operation of the logic under test: the sensor's effect on transient 

currents, resulting delay between corresponding output signals with respect to the 

number of gates through which signal propagates, sensor's effect on average power 

consumption, and average power supply degradation.

From the input to the output o f each logic sample, the signal propagates through 

identical 300 gates. Within the observed period o f time (250 ns), all logic gates 

change the output state at least once. The highest recorded transient peak I d d t \ for 

each logic. Table 6.1. corresponds to the moment when all gates switch the state. 

The terms “free logic' and ‘monitored logic' in the table refer to the same logic 

without and with sensor device in its power supply line, respectively. As it can be 

seen from the table, higher the transient peak of the logic is, higher the percentage 

o f its suppression by the sensor. For example, 10.92 mA transient I d d t s  (2000-gate 

logic) is reduced to 3.84 mA after passing through the sensing element. Reduced
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Table 6.3: Average Power Dissipation and Vdd Degradation

500-Gate Logic Average Power [pW] Average VDD [V] VDD Degradation [%]

Test Mode 32.77 1.198 0.167
Normal Mode 33.77 1.200 0

1000-Gate Logic Average Power [pW] Average VDD [V] Vdd Degradation[%]

Test Mode 72.69 1.196 0.333
Normal Mode 78.82 1.200 0

2000-Gate Logic Average Power [pW] Average VDD [V] Vdd Degradation[%]

Test Mode 142.91 1.193 0.583
Normal Mode 167.82 1.200 0

transient current converts to extended discharging time o f the gate capacitance and. 

as a result, performance degradation. When the circuit is powered through the 

sensor, the peak of the transient current is reduced on average 28% for the circuit 

with 500 gates. 47% for the 1000-gate logic, and almost 64% for the 2000-gate 

logic. The actual values o f reduction are listed in Table 6.1. This is also shown in 

time domain in Figure 6.6 which compares Idd current of the 2000-gate logic in 

normal and test mode o f operation.

Nominal Iddq  quiescent current for a 1.2 V  0.13 pm  device fabricated in stan­

dard CMOS process can be estimated anywhere between [0.001, 10]nA///m and is 

mainly determined by the threshold voltage. Vth , and the thickness of the gate ox­

ide. tox* Total gate leakage w ill depend on factors such as: type o f logic, transistor 

sizes, voltage supply, temperature, etc.. In our case, for all tested circuits, quiescent 

current comprise less than 10% of the total average power supply current at the 

switching frequency of 20 MHz. We noticed that this percentage decreases as com­

plexity o f the circuit increases. Consequently, by suppression o f the transients, we 

can approximate that the total power supply current o f the CUT is proportionally 

reduced, too. We also conclude that the actual PSD can not be accurately estimated 

based solely on independent analysis o f the sensor and the circuit under test.

Delay between signals which propagate through the same path are observed

1 -> '■y 1
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after propagation through 50,100,200, and 300 logic gates. The delay is measured 

between the two corresponding transitions. One such example, for the 1000-gate 

logic, is shown in Figure 6.7. Here, the output signal o f the monitored logic, which 

propagates through the critical path o f 100 gates, is delayed from the same signal 

o f the ‘free logic’ for 117 ps. Detailed results for all three test circuits are listed in 

Table 6.2. As expected, transients with higher peaks introduced more delay between 

the signals. Figure 6.8 summarizes delay analysis for the three digital circuits. It 

provides a reference as to what kind o f performance penalty one might expect when 

testing a logic with the given number of gates and the length o f the critical path. For 

example, a 500-gate digital logic with a critical path o f 200 gates tested for I d d q  at 

20 MHz will have an average output signal delayed by approximately 70 ps. Actual 

figure may vary depending on the gate’s transistor sizes.

Summary o f the average power consumption and Vdd degradation for all three 

CUTs tested at 20 MHz are shown in Table 6.3. High transients are undoubtedly the 

main contributor to the power supply degradation and performances deterioration. 

By introducing the extra series device to the power supply, a logic w ill incur a 

performance penalty. However, the average PSD o f less than 0.6% for the circuit 

with 2000 gates tested at 20 MHz is relatively negligible. The results from Table 6.3 

could be further extrapolated for the circuits of higher complexity.

6.4 Discussion and Application Perspective

The presented sensor has proven to be a valuable testing tool. With its excellent 

frequency characteristic, small silicon area and reasonable power dissipation, this 

versatile built-in sensor device has a strong potential in detecting low-resistive open 

and high resistive short defects in digital circuits.

Implementation o f the monitor as a built-in current sensor would clearly incur 

some performance penalty. To weigh how much o f V d d  degradation w ill actually 

occur and to reduce potential implication, one has to consider many factors. Test­

ing a high complexity digital circuit would require partitioning to smaller modules 

which would satisfy requirements regarding allowed performance degradation. To
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Figure 6.7: Delay between same signals after propagation through 100 gates

evaluate the size o f partitions, several points have to be taken into account: logic 

type, transistor sizes, test frequency, estimated switching activity, the length of the 

critical path, nominal power supply, operating temperature, etc..

By partitioning and increasing number of monitored logic modules, we also in­

crease the overall power consumption. In order to reduce excessive consumption 

due to the BICS. the sensor could be adapted to operate in two modes: test and 

normal mode. The sensor would be active only during the test mode. In the nor­

mal mode, the device should be cut o ff from the rest of the logic, thus reducing 

additional power consumption and performance degradation to zero.

A ll figures in our work are given with respect to 1.2 V power supply, fixed tem­

perature o f 27 °C, and the test frequency o f 20 MHz. The similar analysis with 

1.8 V digital circuits and the 0.18 pm sensor shows somewhat better sensitivity of 

the monitor and, as expected, better PSD results [35]. This is mainly due to the
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Figure 6.8: Delay between corresponding signals vs. length o f critical path

fact that the sensing element remains unchanged so that the relative power supply 

degradation for the circuits with a built-in 0.18 pm sensor decreases. The same 

voltage drop across resistor Rs presents lower percentage for the higher. 1.8 V, sup­

ply voltage. On the other hand, the 0.13 pm design displayed better high-frequency 

properties.

6.5 Conclusion

A test application of the novel topology o f the high-frequency current sensor has 

been presented. The sensor is designed for power supply current monitoring o f 

digital circuits. The feasibility of practical implementation, overall resistive de­

fect detection efficiency, and expected performance degradation has been the focus 

o f this analysis. Acceptable performance penalty and high sensitivity have been 

demonstrated. The proposed sensor have been implemented in standard 0.13 pm
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and 0.18 pm CMOS technology processes with 1.2 V and 1.8 V power supply volt­

age. respectively. The sensor has potential for implementation with digital cores 

as a built- in Iqdq current sensing device. The scaling required no change in the 

design topology and resulted in the apparent performance improvement. We expect 

that further scaling below 1 V  w ill not require significant changes in the monitor ar­

chitecture and. therefore, we propose it as a practical, versatile, and scalable built-in 

test solution.
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Chapter 7 

Process Variations

7.1 Introduction

The aggressive scaling in manufacturing o f integrated circuits (IC) which happened 

in the past is expected to continue in the near future. Projections from the Inter­

national Technology Roadmap for Semiconductors (ITRS) show that by the year 

2016, leading edge maximum-performance CMOS devices w ill have 9nm physical 

gate length and supply voltage o f 0.4 V  [ 181 ] , [  183]. Scaling undoubtedly improves 

the performance of the circuit but, on the other hand, has some detrimental effects, 

too. One o f the undesirable consequences o f device scaling is an increased impact 

o f process variations on the circuit performance. Device behavior w ill become in­

creasingly sensitive to variations in semiconductor processing as the technology is 

scaled downward [24], When device dimensions are small, any variation can have 

a significant impact on performance.

As a result, predicting the effects o f process variations on the performance of in­

tegrated circuits may become an important factor in the design flow. Moreover, cir­

cuit design and test techniques that can deal with variability and variation-tolerant 

circuit designs may be an alternative cost-effective way to counter rising process 

uncertainties. Such techniques are a complement to more advanced process tech­

niques that reduce variability. Effect o f process and parameter variations on MOS- 

FET’s current which is used as a tool for fault detection is explored in the following 

sections.
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Table 7.1: Scaling Trends and Process Variations

Year 1999 2001 2003 2006 2010 2016
Technology Node" 180 nm 130 nm 100 nm 70 nm 45 nm 22 nm

Vdd1’ [V] 1.5-1.8 1.1- 1.2 1.0- 1.2 0.9-1.2 0.6- 1.0 0.4-0.9

M V dd) [% ] ±5 ±5 ±5 ±5 ±5 ±5

t , , /  [nm] 3.5 2.3 2.0 1.9 1.2 0.9

3a(rm) [% ] =■4 ±4 ±4 ±4 ±4 ±4

Vlhd [V] 0.45 0.4 0.35 0.3 0.25 0.25

3a(VIlt) [mV] 48-55 33-42 27-36 18-27 15-25 15-25

Lm « [nm] 140 90 65 40 25 13

3a{Lgale) [nm] 14.0 6.31 4.46 2.81 1.77 0.88

"Technology node is defined by the minimum half-pitch of custom-layout metal interconnect. 
For each node, this defining metal half-pitch is taken from whatever product has the minimum value. 
Historically. DRAMs have had leadership on metal pitch, but this could potentially shift to another 
product in the future.

^Nominal voltage power supply 
' Equivalent electrical oxide thickness 
'Tong channel threshold voltage

denotes a length of the gate, as printed in photoresist. A  physical gate length is smaller 
than the feature si/.e printed in the resist.

7.2 Sources of Variations

Performances of integrated circuits are influenced by many factors. Generally, 

based on the source of their origin, all factors could fit into one o f two groups: 

environmental or physical.

Deviation from circuit’s expected behavior could be a result o f changing the 

environment conditions in which the circuit operates. For instance, a change in 

temperature could affect electrical properties and characteristics o f the MOSFET 

device (e.g., mobility, threshold voltage,...), conductance o f interconnects, resis­

tance of passive elements, etc.. Consequently, these changes would affect the oper­

ation o f the circuit as a whole. Such conditions as well as their manifestations are 

temporary in nature.
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On the other hand, circuit’s characteristic is strongly dependent on the physical 

implementation o f its elements. In a complex manufacturing process, interconnects, 

active devices, passive elements are susceptible to the imperfections o f the fabrica­

tion process. Interconnect variations play an important role in a complete variability 

analysis. As the scaling continues and complexity o f circuit design increases, inter­

connect variation becomes one of the limiting factors o f circuit performance [189]. 

Nevertheless, the most significant limiting factor of circuit performance is varia­

tion in MOSFET device parameters. In general, variation of the device could be 

attributed to the deviation of the following parameters:

•  Geometry parameters (e.g., gate oxide thickness, length, width,...);

•  Material parameters (e.g.. doping, deposition, anneal1....);

•  Electrical parameters (e.g.. threshold voltage, leakage currents,...).

In our study, we focus our attention on variations within a MOSFET device and 

its impact on transistor's output characteristics. Such deviations from nominal para­

meter values are permanent. The scaling trends and projected process tolerances of 

some of electrical and geometry parameters based on the ITRS publications [181], 

[182], [183] are given in Table 7.1.

7.3 Previous Research

Much research has been devoted to the analysis of the sources, historical trends, 

and modelling o f process variations in the design process. In [15] and [129], the 

authors summarize the sources and trends in device and wire variability, and process 

characterization methodologies. The works stress the importance of design for vari­

ability methodologies in the presence o f inter and intra-die process variations. Such 

design for variability techniques should be developed and integrated into existing 

and future design environments. The authors don’t provide more detailed insight

'Annealing is the process in which silicon wafers are exposed to a heat treatment, so that dopant 
atoms (usually, boron, phosphorus, or arsenic) can be incorporated into substitutional positions in 
the crystal lattice, resulting in changes in the electrical properties of the semiconducting material.
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into different impact o f process variations on various types of circuits, namely ana­

log or digital. This impact is definitely different. For instance, the wire variability, 

undoubtedly important factor for digital circuits with large amount o f interconnect, 

w ill have a smaller effect on analog circuits simply because of their size which 

usually have less then 100 transistors. On the other hand, analog circuits usually 

contain transistors with a wide variety o f sizes, each o f which has different suscep­

tib ility to process variation.

In [190], Srivastava et al. described the impact o f process variation on leak­

age power for 0.18 yrn CMOS technology and showed that variability in a device 

length. L. channel dose. Nsub, and the gate oxide thickness, tox. could lead to sub­

stantial changes in Vth and, consequently, drastically affect the leakage current. 

They confirmed empirically that the leakage current is exponentially proportional 

to the change of gate length and gate oxide thickness, but linear to the change in 

channel doping. In their experiment, they used a simple CMOS inverter and a 

NAND gate, and applied the logic signal to the input o f the gate. Analysis o f this 

kind is limited to the digital circuits only, and to leakage current o f CMOS devices 

in the subthreshold region. As such, the analysis doesn’t provide insight into the 

analog behavior o f the device in the presence o f variations, and the magnitude o f 

this impact. The sensitivity analysis o f analog circuits to process variation clearly 

requires a different approach. The impact o f process variation on device’s current 

in saturation and ohmic region should be a main concern of variability analysis for 

analog circuits.

Sato et al. characterized the effects o f statistical process variation on the 0.35 /urn 

CMOS performance [168]. They conducted the variation analysis for threshold 

voltage and saturation drain current and found that variation of the gate oxide for­

mation has the most significant effect on the NMOS drain current. The authors 

lim it their prediction o f NMOS and PMOS device sensitivity to process variation to 

0.25 jjm  CMOS process only. In the presence o f the fast scaling trends, sensitivity 

analysis to process variation in more advanced CMOS processes such as 0.18 /jm. 

0.13/;m and below is needed.
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In [170], Scheffer proposed less conservative, more realistic, explicit computa­

tion of performance as a function o f process variations which allows better yield 

optimization in the design process. The author limits the scope of the paper to in­

terconnect variations and their impact on timing analysis. Application o f the same 

approach to the other sources o f variations (i.e., device parameter variations, etc.). 

which are more dominant in analog circuits, is questionable. Similarly, the authors 

in [189] restricted the analysis of circuit sensitivity to interconnect variations only.

Keshavarzi et al. [83] elaborated how barriers to technology scaling, such as 

leakage and parameter variations, challenge the effectiveness o f current-based test 

techniques. They proposed a multi-parameter test approach which improves the 

current testing sensitivity. The authors investigated leakage in the context o f fre­

quency. temperature, and body-bias. However, the impact o f the manufacturing 

process variations has not been explored.

Application o f current-based techniques to analog circuits usually implies de­

tection of faulty current when transistors in a circuit operate in different modes of 

operation. In such case, a contribution o f the leakage currents described in Chap­

ter 3. Section 3.4 to the total supply current is negligible.

7.4 Motivation and Problem Outline

In this part of our research work, we try to .quantify absolute and relative devia­

tion of the MOSFET's drain current from the nominal value based on the BSIM3v3 

transistor model and estimated manufacturing parameter tolerances outlined in ref­

erenced ITRS documents [183], [182], [181]. [178] and other publications [129]. 

[190]. These deviations are given with respect to the size o f the transistor, width- 

length aspect ratio, and VD$ and Vqs biasing voltages which determine the operation 

mode of the transistor.

The statistical variation o f the N-type MOSFET drain current has been evaluated 

in three modes o f operation: saturation, ohmic, and subthreshold conduction. The 

results could be used as a reference, for example, in current testing of analog circuits 

which uses the level o f power supply current for defect screening.
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Figure 7 .1: Experimental setup for transistors with constant aspect ratio 
a ) W / L  =  K600 nm/A300 nm b ) WJL =  K6000 nm//G00 nm

In Chapter 3, Section 3.3.4 on page 41, we surveyed proposed Idd current-based 

test methods for analog circuits. In contrast to digital circuits, the transistors in 

analog circuits do not operate as simple switches. Evaluation of the drain current, 

which is not necessarily composed of the leakage components only, could have 

a major impact on the successful application o f the current-based test to analog 

circuits. Being able to differentiate between process variation and faulty current 

has been a most challenging problem. This has certainly significant implication on 

analog current-based test.

From designer's point of view, it is very important to know how the sizing of tran­

sistors influences process variation sensitivity of drain current. To determine the 

sensitivity to process variations, a simple experimental setup has been prepared. 

Figure 7.1 and Figure 7.2 display circuit’s schematic used to evaluate the impact 

o f process variations on transistor drain current for different transistor sizes and 

various biasing conditions. For each setup, we performed statistical analysis and 

investigated how the component variation affects the drain current.

With Monte-Carlo analysis, designers can verify whether their designs w ill be 

successful despite small changes in component values due to the manufacturing 

fluctuations. Monte-Carlo techniques for prediction o f IC yield are well established

7.5 Experimental Simulations
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W/L=K600n/I30n

Figure 7.2: Experimental setup for transistors with variable aspect ratio 
W~/L =  K ■ 600 nm/300 nm

Table 7.2: Standard Deviations o f Varied Process Parameters

Parameter BSIM3v3 Name Standard Deviation a

oxide thickness toxn 0.5e-10 m

intrinsic threshold voltage vtho,, 0.01 V

mobility po 1.0e-3 m2/Vs

width W 1,5e-09 m

length L 1.5e-09 m

in the literature, but their use in commercial design is limited by their high compu­

tational cost. The statistical analysis tool provides a quantitative measure on how 

the manufacturing variations in IC devices affect the production yield of a given de­

sign. The tool performs multiple simulations, with each simulation using different 

parameter values for the devices based upon the assigned statistical distributions.

Monte-Carlo analysis with 1000 runs for each Vcs and Vos biasing point and 

for different 'j- aspect ratios has been performed. Table 7.2 shows BSlM3v3 model 

parameters varied in this experiment. The Gaussian distribution is assumed as the 

basic distribution for independent random variables. It is important to note that 

the variations in W and L are uncorrelated, as they are defined in different process 

steps: W - in the field oxide step, L  - during the polysilicon definition and the source 

and drain diffusion processes. The experiment consists of two parts and they are 

described in the following paragraphs.
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7.5.1 Constant W/ L  Aspect Ratio Simulation Results

The first part o f the experiment analyzes the impact o f process variations on NMOS 

transistors o f different sizes with constant ^  ratio, as shown in Figure 7.1. In this 

section we include the results for smaller size transistors ^  and bigger

transistors j -  =  • where K  represents a width-length dimension multiplier

(K= 1, 1.2. 1.4   3.8, 4). Figures 7.3-7.11 (pages 147-149) display results for

transistors with ^  aspect ratio, three Vcs voltages (Vcs=0.6 V, Vcs=0.9 V.

Vcs=1.2 V) and 16 width-length multiplication factors, i.e.. Af=[l. 4] in steps of 

0.2 increment. The aspect ratio o f the transistors remain the same in this part o f 

the experiment although the sizes o f W and L  change proportionally. For each Vcs- 

three graphs are shown with:

•  mean value o f drain current, p ( Id ) LuA],

•  standard deviation, g (Id ) [/jA],

•  relative standard deviation with respect to the mean value, • 100[%].

Each graph includes five curves for five different VDs values (i.e.. Vos = 0.3. 

0.5. 0.7. 0.9, 1.1 V). Each curve shown on any o f these graphs is a result o f 16000 

simulations which have been performed through Monte-Carlo statistical analysis.

In a similar fashion. Figures 7.12-7.20 (pages 150-152) show results for tran­

sistors with larger width dimensions, i.e., ^  VCS voltages (0.6 V,

0.9 V, and 1.2 V), and factor A"=[ 1, 4] in steps o f 0.2 increment.

The first important observation o f the Figure 7.3 and Figure 7.5 reveals that the 

percentage o f the drain current relative deviation is strongly inversely proportional 

to the mean value o f the drain current. When the curves showing drain current mean 

values j-i(Io) decrease and reach their minimums (Figure 7.3), the curves showing 

the percentage (Figure 7.5) increase and reach their maximum peaks. This is valid 

for all Vps values and for smaller as well as bigger size MOSFETs (e.g.. as shown 

in Figure 7.12 and Figure 7.14).
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Figure 7.3: Drain current characterization of the MOSFET device with constant 
aspect ratio -  In mean vs. K for different VDS. Vcs=0.6 V, and ^ "
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Figure 7.4: Drain current characterization of the MOSFET device with constant 
aspect ratio -  Ip  standard deviation vs. K for different Vp$, ^ 5=0.6 V. and
VV __ K -600 nm 
L K -130 nm
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Figure 7.5: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Percentage o f Ip variations vs. K for different Vps, Vcs=0.6 V. and
W   K-600 nm
L K-130 nm
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Figure 7.6: Drain current characterization of the MOSFET device with constant 
aspect ratio -  Id mean vs. K for different VD$. Vcs=0.9 V. and ^
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Figure 7.7: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Id standard deviation vs. K for different Vds■ Vcs=0.9 V. and
W   A"-600 nm
L  A'-1 30 nm
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Figure 7.8: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Percentage of Id variations vs. K  for different Vds, Vg5=0.9 V. and
W    A.'-600 nm
L  K  ■ 130  nm
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Figure 7.9: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Id mean vs. K for different Vds- Vcs=V2 V. and ^

K

Figure 7.10: Drain current characterization o f the MOSFET device with con­
stant aspect ratio -  Id standard deviation vs. K for different Vds- V/cs=1.2 V. and
IV   AT-600 nm
L  A'-130 nm
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Figure 7.11: Drain current characterization of the MOSFET device with constant 
aspect ratio -  Percentage o f Id variations vs. K for different Vds- Vgs=1 -2 V. and
W_ _  K -600  nm 
L  A -130 nm
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Figure 7.12: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Id mean vs. K for different Vqs. Vgs=0-6 V. and =  ^ 6i°3°o f i f
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Figure 7.13: Drain current characterization o f the MOSFET device with con­
stant aspect ratio -  I d  standard deviation vs. K for different V d s - V g s = Q -6 v - and
IV   K-6000 nm
L ~ K-130 nm
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Figure 7.14: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Percentage o f I d  variations vs. K  for different V d s - ^c.v-0-6 V. and
VV   A"-6000 nm
L A'-130 nm
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Figure 7.15: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Io mean vs. K for different VDS. V g s = 0 . 9  V, and ^
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Figure 7.16: Drain current characterization o f the MOSFET device with con­
stant aspect ratio -  Io standard deviation vs. K  for different Vos- Vcs=0-9 V. and
IV _  K -6000 nm  
L  K -130 nm
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Figure 7.17: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Percentage o f Io  variations vs. K for different Vos- Vcs=0.9 V. and
W    K  -61 )00 nm
L  ~  AT-130 nm
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Figure 7.18: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Io mean vs. K for different Vos- Vqs= 1 ■- V. and j -  =

<
. 3
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Figure 7.19: Drain current characterization o f the MOSFET device with con­
stant aspect ratio -  Io standard deviation vs. K  for different Vos- Vcs=1.2 V. and
W   K-6000 nm
L A'-130 nm

Qr
i
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K

Figure 7.20: Drain current characterization o f the MOSFET device with constant 
aspect ratio -  Percentage o f Id variations vs. K  for different Vos- Vgs= 1.2 V, ar,d
W _  A'-ftOQO nm 
L ~  fC-13(1 nm
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Nevertheless, by comparing corresponding graphs in Figure 7.5 for smaller tran­

sistor and Figure 7.14 for bigger transistors and Vcs=0.6 V bias voltage, we notice 

that curves look almost identical with a swing o f approximately 9.5%-14.3%. Sim­

ilarly, almost identical swing o f 4.5%-5.8% could be seen by comparing the graphs 

in Figure 7.8 and Figure 7.17, or 3.3%-4.1% by comparing Figure 7.11 and Fig­

ure 7.20. This indicates that there is no visible strong correlation between the width 

dimension o f the transistor and process variations.

Under the same biasing condition, as it can be seen on graphs in Figure 7.5 and 

Figure 7.14, the mean values o f the drain currents are directly proportional to the the 

ratios o f transistor sizes, W/L . This, of course, doesn’t come as a surprise. A t the 

same time, an approximately equal percentage o f the standard deviation for currents 

in both cases could be observed. In addition to our first observation, where we had 

a constant aspect ratio, this leads us to conclude that the length o f the device could 

be a critical factor which determines sensitivity o f the device to process variation.

7.5.2 Variable W,'L Aspect Ratio Simulation Results

In this part of the experiment, a behavior of the device with a variable aspect ratio 

is simulated in a presence o f the process variation. As shown in Figure 7.2, the 

aspect ratio of the transistors is =  K̂ °nn where K represents width multiplier 

factor K=[l,5 ] in steps of 0.2 increments. The length o f the device is kept constant. 

We show results for seven Vcs bias conditions, Vcs=[0, 0.2, 0.4, 0.6, 0.8, 1. 1.2]V. 

Figures 7.21-7.27 on pages 155-161 display analysis for each Vcs voltage. Each 

figure consists of three graphs which show:

•  mean value of drain current, p (Id ) LuA],

•  standard deviation, g { Id ) [pA],

•  relative standard deviation with respect to the mean value, ■ 100[%].

Each graph includes five curves for five different Vos values (i.e., Vps = 0.3. 

0.5. 0.7. 0.9. 1.1 V). Each curve shown on any o f these graphs is a result o f 21000 

simulations which have been performed through Monte Carlo statistical analysis.
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By observing mean value curves (graphs a) and standard deviation curves (graphs 

b) on all Figures 7.21-7.27, we notice a strong linear dependence of the mean value 

and standard deviation on factor K. For example, in Figure 7.23, when K  changes 

from 1 to 5, P{Id ) varies from 5 fjA  to 35 /jA  for Vds=1-1 V or increases almost 

7 times. Similar increase can be noticed for standard deviation on graph b) o f the 

same figure. On the other hand, variation of relative standard deviation is signifi­

cantly suppressed and hardly goes beyond 10%. For instance, in Figure 7.24. we 

see that the relative standard deviation decreases from 13.3% to 12.6% when K 

changes from 1 to 5.

The Monte Carlo simulation indicates a systematic and significant rise o f mean 

value and standard deviation with increase of factor K. i.e.. from K=1 to K=5. This 

translates into a weak corresponding variation o f relative standard deviation. This is 

also consistent with the previously observed results from Part A of the experiment.

7.6 Conclusion

For advanced device structures/architectures, statistical manufacturing process and 

dimensional variations w ill be a more significant barrier to achieving required spec­

ification, high-performance, and yield. While the absolute control o f processes and 

alignment is improving, the percentage variation must not be allowed to increase as 

it may have a significant impact on the design and test.

It has been shown that, with a careful design methodology, it is possible to 

reduce MOSFET drain current variance to certain degree. Obviously, a length of the 

device is the most critical factor which affects sensitivity to process variation. Also, 

we conclude that there is no strong correlation between the width of the device and 

relative standard deviation. From designer perspective, in order to reduce the effect 

o f process variations, one has to carefully weigh all factors which could contribute 

to the process variation uncertainty.
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Figure 7.21: Drain current characterization of the MOSFET device with 
variable aspect ratio for Vcs=0 V and ^  ~
a) Ip  mean: fj(Io) vs. K
b) Ip standard deviation: o(Ip) vs. K
c) Ip relative variation: vs. K
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Figure 7.22: Drain current characterization of the MOSFET device with 
variable aspect ratio for VGS=0.2 V and \
a) Ip mean: P(Id) vs. K
b) Ip standard deviation: a(/p) vs. K
c) Ip relative variation: ?|^y vs. K
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Figure 7.23: Drain current characterization of the MOSFET device with 
variable aspect ratio for Vgs=0.4 V and ^
a) Id mean: m(Id) v s . K
b) Id standard deviation: g ( / d )  v s . K
c) Id relative variation: vs. K
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Figure 7.24: Drain current characterization of the MOSFET device with 
variable aspect ratio for Vcs=0-6 V and j -  =  K]^ „ nn"’
a) Id mean: i <Ud) vs- K
b) Ip standard deviation: a(Ip) vs. K
c) Ip relative variation: ^  vs. K
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Figure 7.25: Drain current characterization o f the MOSFET device with 
variable aspect ratio for Vcs=0.8 V and j -  =  K\y^-n~n{
a) Ip mean: jj(Ip ) vs. K
b) Ip standard deviation: <5(Ip) vs. K
c) Ip relative variation: vs. K
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Figure 7.26: Drain current characterization of the MOSFET device with 
variable aspect ratio for Vc5= 1.0 V  and ^  =  * '3°°n"~
a) Ip  mean: Ji Ud ) vs. K
b) Ip standard deviation: <5{lp) vs. K
c) Ip relative variation: vs. K
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Figure 7.27: Drain current characterization o f the MOSFET device with 
variable aspect ratio for Vcs=l.2 V and j -  =  K'l($ )nnn”t
a) Ip mean: PU d ) vs. K
b) Ip standard deviation: a(Ip) vs. K
c) Ip relative variation: vs. K
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Chapter 8

Analog Current Based Test for 
Resistive Fault Models

8.1 Introduction

Power supply current test methodology has been effectively used in testing of digital 

circuits for many years. It has been proven that the method itself offers a power­

ful tool for detection o f various faults such as resistive short and bridging faults, 

which otherwise couldn't be screened by functional test [158], [56], [13]. The huge 

success in current monitoring for digital circuit has not produced similar results in 

testing o f analog circuits. On the contrary, many attempts to apply similar approach 

to detect defects in analog circuits fail to produce strong and reliable alternative to 

the existing specification-based analog testing. Due to the nature o f analog devices, 

application o f power supply current testing to analog circuits has been a challenging 

task.

Analog circuits have complex relations between input and output signals. IC 

tests for analog circuits are generated directly from the circuit specifications, with­

out reference to an analog fault model. With a large number of specifications, test­

ing becomes exceedingly expensive and time consuming. An even more difficult 

situation occurs in testing o f highly integrated analog devices. Today system-on- 

chip devices provide a level of integration far beyond traditional mixed-signal cir­

cuits. Observability and accessability o f internal nodes is significantly reduced, and 

functional testing o f analog devices in such environment is becoming very difficult
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Figure 8.1: N-type and P-type MOSFET resistive short fault model

[27].

Effective early screening o f defective chips could directly result in significant 

savings in the terms of test time and cost. We explored a potential advantage o f the 

current-based test method for analog circuits to quickly screen defective dice, at the 

earliest stage during production test, before more comprehensive parametric/speci- 

fication test is applied.

8.2 Current-Based Testing of Analog Circuits

In current monitoring test technique, power supply current drawn by the circuit 

under test is monitored and compared to the reference current value. It is assumed 

that a faulty circuit produces an abnormal or at least significantly different amount 

o f current compared to the current produced by fault-free circuits. In a presence of 

a fault, the level and the shape of this current change, providing us with a tool to 

detect a faulty device.

A number o f methods have been proposed in application o f current-based test 

to analog circuits. Wang et al. used the spectrum of the power supply current to 

construct the statistical signature and detect a faulty circuit [213], However, the 

analysis has been done for catastrophic bridging and open faults only. Similarly. 

Camplin et al. observed the correlation between changes o f the power supply cur-
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Figure 8.2: N-type and P-type MOSFET resistive open fault model

rent due to the catastrophic faults [ 19]. This fault analysis doesn't produce sufficient 

insight about potential of the proposed method without taking into account resis­

tive short and conductive open defects. Lindermeir et al. considered more subtle 

parametric faults as well as manufacturing process and measurement noise in order 

to achieve more robust test design [101]. They chose trapezoid input signal rich in 

harmonics in order to better expose faults. In deeply embedded environment, preci­

sion o f the on-chip generation o f such input signal as well as limitation in detection 

o f parametric faults [169] could reduce fault coverage. Noticeable drawbacks in 

some of the methods involve lack o f consideration for process tolerances, which 

undoubtedly plays an important role in threshold setting and, as a result, impairs 

accurate fail/pass decision. Iqcq method has been proposed by Lammeren [206J. 

Unfortunately, the author doesn't provide details about the type o f defects detected 

by this method.

Resistive short and open faults present statistically far higher percentage of 

faults than catastrophic ones. Hard faults affect design's function quite noticeably, 

and, consequently, their detection is relatively easy process. Moreover, methods 

which require complex input signals generated in frequency and time domain for 

test detection could be questioned from the perspective of efficiency and accuracy. 

Generation as well as response evaluation precision o f such signals has already 

been considered as a one of major obstacles for specification-based test in highly
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Figure 8.3: Circuit under test: current amplifying cell

integrated environments.

We extend fault detectability research to deep sub-micron 0.13 //m technology 

and investigate the power supply current method approach in testing of the typical 

analog circuit for resistive open and short set o f faults. These kind of faults are 

caused by defects which manifest themselves as resistances seen between the gate, 

source and drain ports. Defect-oriented fault models shown in Figure 8.1 and Fig­

ure 8.2 assume defects within the gate of MOSFET transistors, but also to some 

degree represent metal interconnects and opens. More about defect-oriented faults 

could be found in [165]. We show that under certain circumstances, a presented 

two-step Idd test approach with optimized DC input could be efficiently utilized 

as a complementary test technique. We show advantages, limitations, and scope 

o f the current-based test for the tested type of analog circuits in 0.13 pim CMOS 

technology.
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Figure 8.4: Idd distribution o f 1000 samples for three values of 7/,v

8.3 Experimental Simulations

To evaluate feasibility o f the proposed methodology, a simulation experiment was 

conducted with a sample layout o f a typical analog circuit as a circuit under test. A 

voltage or current amplifier would be a circuit of choice as a most common analog 

circuit. For the purpose of more general conclusion, we decided to use a two- 

stage current amplifying cell with an asymmetric input stage. In that way. results 

from this experiment could be easily extended to similar, symmetric design such 

as standard two stage voltage amplifier. The tested circuit is designed in 0.13 pm 

standard CMOS process with 1.2 V  power supply. A  current amplifying cell circuit 

is shown in Figure 8.3.
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Table 8.1: Process Parameters Standard Deviations

Parameter BSIM3v3 Name Standard Deviation a
oxide thickness, NMOS tox_n 0.5e-10 [m]
oxide thickness, PMOS tox_p 0.5e-10 [m]
intrinsic threshold voltage, NMOS vth0_n 0.01 [V]
intrinsic threshold voltage, PMOS vth0_p 0.012 [V]
mobility pO 1.0e-3 [m2/Vs]
width W 1,0e-9 [m]
length L 1,0e-9 [m]

Table 8.2: Idd Standard Deviations for Different 7//v

lIN Input DC Current [pA] lDD Mean Value [pA] lDD Standard Deviation [pA]
2000 511.479 1.305
1500 511.030 1.303

'1000 510006 ’ , " "  ’  1.297 : '
500 . :, _ 5 r a . m ' 1^286.
200 _ '/■] -''-f50&i1S8 a v ’: . ; 11270 "
100- r  7 ' ' 1.405 '
0 ‘ '"514.050 1.763

-100 520072 2.473
-200 534.834 3.728
-500 506.632 11.117
-1000 409.594 22.789
-1500 254.152 33.547
-2000 66.609 40.594

8.3.1 Power Supply Current Characterization

As a first step o f our experiment, we perform Monte-Carlo simulation analysis of 

the current amplifying cell with intention to characterize circuit's Ipp current with 

respect to input DC stimuli and explore its variation limits in the case of the defect- 

free circuit.

The simulation is conducted for randomly generated small variation in circuit's 

component values (resistors, capacitors) as well as manufacturing process parame­

ters. The temperature of the simulated circuits is kept constant at 300K. The list of 

varied parameters from BSIM3v3 model is shown in Table 8.1. Circuit's parame­

ters are varied with 3a standard deviation equivalent to 10% of element's nominal
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Figure 8.5: Power supply current vs. short defect resistance for different //y

values. A ll values are considered to follow Gaussian distribution. We examined 

correlation between standard deviation o f the power supply current and input DC 

stimuli. Characterization o f I d d  for each I jp  DC value is simulated on 1000 circuit 

samples. A  part o f the results could be seen in Figure 8.4. Standard deviation o f Idd 

changes form 1.4 pA  for 7/^=100 pA  to 2.47 pA  for 7/yv=-100 pA. Apparently from 

Figure 8.4, expected defect-free variation o f Idd is a function o f the input signal. 

This analysis provides insight about the range o f input currents for which minimum 

standard deviation o f circuit's defect-free power supply current occurs. In other 

words, we determine a value o f input currents for which potential defects are most 

visible in I d d  and least masked by the defect-free I d d  variations.

In a presence of defect, additional power supply current which falls within the 

set boundary o f I d d  cannot be distinguished from the fault-free current. Therefore, 

the objective is to minimize variation in I d d  due to the process tolerances, and to
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Power Supply Current vs. Open Resistance
DC B ttpanst lo r a ffe re n t 2m □

Sensitivity Threshold
Sensitivity Thrnheid

<

r
u

Invisible open defect 
resistance range

Zl«-
V)

a.

Detectable open defect 
resistance range

CatastrophicNo
defect open

Figure 8.6: Power supply current vs. open defect resistance for different 7//v

maximize variation in Idd due to the introduced defects.

In our experiment, we observed standard deviations o f Idd for input current 

range //n=[-2 mA,2 mA]. Based on the results shown in Table 8.2, I d d  standard 

deviation increases significantly for 7//v<-100 pA. For such input signals, expected 

variations of the fault-free power supply current mask defective currents and ob­

struct effective fault screening. Therefore, we decided to investigate behavior of 

each introduced fault for 7//v=[-100 pA, 1 mA] and to optimize it for the maximum 

variation in I d d -

8.3.2 Fault Coverage

A ll faults were separated into two groups: resistive opens and resistive shorts. They 

have been observed at the transistor level. In our experiment, we used defect- 

oriented resistive fault models shown in Figure 8.1 and Figure 8.2. The complete set
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Figure 8.7: Invisible resistive open defects o f 10 and 63 k£2

of all possible resistive bridging faults to be considered is relatively large even for 

circuits with small number o f gates. However, location o f the points in the circuit 

which are likely to be connected through the bridging defect is layout-dependant. 

Therefore, we restricted our study to those faults between the gate, source, and drain 

o f the MOSFET device.

Although the fault coverage term is not defined for fault models with the infinite 

number of faults (i.e.. infinite number of fault resistive values) that we utilized in 

this experiment, we are using this term to describe the efficiency of the proposed 

method in terms of detectability of the minimum resistive open fault and maximum 

resistive short fault. Therefore, we introduce the term sensitivity threshold (ST). 

ST for open fault is minimum detectable resistive open. For shorts, we define ST 

as a maximum detectable resistive short. ST can be set arbitrarily based on the 

I d d  standard deviation. In our study, sensitivity threshold marks a value of the
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Table 8.3: Idd Variation for Short Defects in Transistors Mi

Transistor Short A Id d  LuA] Its  LuA] ST [£i]

Mi Rs\ N/A N/A N/A

M, R$2 10.45 200 220k

M, RS3 10.45 200 220k

m2 Rs\ 61.28 100 8M

m2 R s 2 25.41 100 15M

m2 R s 3 35.52 0 800k

m3 Rs\ 165.34 -100 4M

m3 R s 2 35.37 -100 1.5M

m3 R s 3 5.13 0 600k

m4 R si 165.34 -100 10M

m4 R s 2 165.34 -100 10M

m4 R s 3 N/A N/A N/A

m5 Rs\ 550.28 500 20M

M, R s 2 1256.41 500 2M

MS R s3 504.12 0 250M

m6 Rs\ 550.28 500 20M

m6 R s 2 1256.71 500 2M

m6 R s 3 504.12 0 250M

fault resistance when power supply current changes in value more than its standard 

deviation.

To be detectable, faulty current of the circuit under test has to be distinguishable 

from the normal variations o f I d d  current. Since the fault-free leakage current is a 

function of many variables values o f which have high variations and uncertainty, the 

faulty current can be either masked with them, or wrongly reported in the case of 

an inappropriately set threshold level. The threshold level has to be set accordingly 

so it takes into account state dependent variations of the leakage current, process 

variations, and temperature.

We introduced single faults into the testing circuit and explored variation of
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Table 8.4: I d d  Variation for Short Defects in Transistors M 7- M g

Transistor Short A Id d  IjuA] IlN LuA] ST [Q]

m 7 Rs\ 165.34 -100 12M

m 7 Rs2 56.24 100 1M

m 7 RS3 31.07 200 5M

M s Rsi 876.23 0 30M

M s Rs2 990.21 -100 10M

M s Rs3 504.11 0 SOM

M g Rs\ N/A N/A N/A

M g Rs2 504.11 0 SOM

M g Rs3 504.11 0 SOM

I d d  for the set o f input currents within the range previously determined during 

I d d  characterization. The resistance o f each fault was varied from 0 Q  to 1G Q.. 

According to study in [158], vast majority o f bridging shorts have resistance o f less 

than 20 k£2. We show in Table 8.3 and Table 8.4 that ST for all faults is at least ten 

times higher, which implies high level o f detectability.

In Figure 8.5. we show Idd v s . Rs characteristics for introduced Rs2 fault in 

transistor M$ of the circuit under test. It can be seen that when changing resistance 

o f the resistive short fault, the maximum variation o f the power supply current is 

observed for 7/;v=200 pA. In other words, defect w ill be most observable i f  this 

current is applied at the input. Similarly, samples of Id d  vs. R o  characteristics are 

shown in Figure 8.6 for R0 2  open fault introduced in transistor Afo- Here, it is 

obvious that / / a t = - 1 0 0  pA  makes the fault most visible and detectable.

Throughout our experiment, we confirmed that all short faults shown in Fig­

ure 8.1 have been detected. Indeed, appropriate input signals to the circuit had to be 

supplied in order to make a fault visible. Some faults resulted in significant change 

o f supply current, while the others produced smaller but still detectable variations. 

Table 8.3 and Table 8.4 lists I d d  variations, STs. and corresponding input signals 

for all short resistive faults. The detection rate o f open resistive faults, depicted in
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Table 8.5: Idd Variation for Open Defects in Transistors M \-M q>

Transistor Open Defect AIdd [uA] Iin  LuA] ST [ft ]

A/i Ro\ 40.12 100 6k

Mi Rai 40.17 100 4k

m2 Roi 248.28 -100 20k

m2 Roi 248.28 -100 200

m3 Ro\ 117.67 -100 50

m3 Roi 117.52 -100 2k

m4 Roi 13.40 0 600

m4 Roi 13.11 0 30k

m5 Roi 119.88 0 150

m 5 Roi 119.67 0 10

Roi 11.60 100 15k

Mb Roi 11.50 100 300

m7 Ro\ 42.90 -100 5

m7 Roi 43.30 -100 100

Ms Ro\ 396.61 0 100

Ms Roi 395.12 0 5

m9 Roi 3358.25 0 20k

m9 Roi 3351.93 0 500

Figure 8.2. was 67%. A ll R0 3  open faults in the gate o f transistors were practi­

cally invisible by this test approach. This was expected since the MOSFET gate is 

already isolated and conducts no current. An ohmic open defect in the MOSFET 

gate with sufficiently high resistance (modeled by Roi) causes so called floating 

gate effect1. This fault inevitably affect the shape of circuit’s transient and AC 

characteristic, and could be screened by specification based test. Table 8.5 lists lDD 

variations. STs, and corresponding input signals for all open resistive faults. Varia­

tion in power supply current ranges from 13 pA  for transistor A/4 to more then 3 mA

1A floating gate defect occurs in a circuit when the gate o f transistor becomes disconnected from 
its controlling input and loses its ohmic electrical connection with the rest of the circuit.
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for transistor Mg. For some open faults I d d  vs. Ro characteristic have an irregular 

shape. Although with resistance above sensitivity threshold, these resistive open 

faults may produce same level of Idd current as a fault-free circuit, which makes 

them theoretically invisible for this test. This is shown in Figure 8.7 for Ro\ intro­

duced in transistorM[. Resistive opens /?oi = 10 k£> and /?oi=65 k i i  w ill set a level 

of power supply current to the same level as in fault-free circuit. Nevertheless, the 

slope in the vicinity o f these points is very high, which narrows the band of such 

faults invisible for this test and. statistically, limits their occurrence to the marginal 

level.

8.4 Conclusion

A non-specification based test approach for analog circuits in deep sub-micron 

0.13 /jm  CMOS process has been explored. The method is based on power sup­

ply current measurements and is intended as a complementary test suite for early 

fault detection. The method targets non-catastrophic resistive open and short faults 

within the gate o f MOSFET devices. Since no complex input signals are required 

for fault excitation, it can be a complementary test approach to existing DC. AC. 

and transient specification oriented test. With certain constrains, 100% of short 

faults and 67% of open faults have been detected.
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Chapter 9 

Summary and Conclusions

This thesis presented a focused effort to investigate the potentials of current-based 

test methodologies and offered possible solutions in advanced technology processes. 

Such environments are characterized by the multitude o f leakage effects and defect 

types which significantly challenge the effectiveness and capabilities o f the present 

current test methodologies. A comprehensive study with emphasis on issues, re­

quirements. and solutions for embedded current-based test in deep sub-micron en­

vironments was presented.

A  built-in current monitoring solution has been identified as a way to address 

the challenges by enabling easier access to embedded cores. In the process o f de­

veloping a sensor device topology, we outlined a set o f requirements for the suc­

cessful application o f embedded monitors. A  detailed analog behavior analysis of 

the proposed sensing device has been provided, and the sensor was evaluated in a 

current monitoring testing scheme. Furthermore, the effect o f process variations on 

device’s current was investigated, and a methodology for non-specification current 

test o f analog circuits was proposed.

9.1 Thesis Summary

In Chapter 2, we provided basic background information, terminology, and defini­

tions needed for better understanding o f the work proposed in this thesis. We intro­

duced the fundamentals of IC testing describing the test environments and concepts
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behind conventional IC testing including test objectives, stages, types, and method­

ologies.

Chapter 3 focused on the current test methodology for integrated circuits. The 

evolution o f this type of test was presented along with elementary concepts be­

hind it. We also described the present state-of-the-art scientific findings related to 

mechanisms behind CMOS leakage currents in sub-micron technology processes. 

Understanding the leakage properties o f deep sub-micron transistors is, beside de­

sign and performance related issues, also essential to guide effective solutions for 

current-based testing.

Chapter 4 elaborated on concepts and applications o f power supply current mon­

itoring. We outlined the requirements for the current monitor designs, and presented 

different techniques for current sensing. We also explored existing methodologies 

and summarized different design concepts and principles o f current sensing in test 

applications. A  comprehensive survey o f the relevant current monitor devices re­

ported in the literature was provided in this chapter.

Chapter 5 presented a novel topology of the embedded current amplifying de­

vice. We described a design and implementation o f the novel built-in amplifier 

topology developed as a front-end device of a built-in monitoring system {i.e.. sens­

ing and detection device).

Chapter 6 investigated the feasibility, scope, and limitations o f the current test 

technique for digital circuits based on the proposed built-in current sensing device. 

The novel sensor topology was successfully employed in a current monitoring test­

ing scheme. For verification purposes, the sensor’s performance was evaluated on 

several types of digital circuits.

Chapter 7 provided insight into the effects of process variations on the drain cur­

rent o f a MOSFET device. A  comprehensive characterization o f the drain current 

showing the scope of the variability due to the process variation was also provided. 

The results indicated that circuit design techniques could minimize, to some degree, 

rising process uncertainties and complement more advanced process techniques that 

reduce variability.
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Chapter 8 explored a novel non-specification based test approach for analog 

circuits in a deep sub-micron CMOS process. The proposed test method is based on 

power supply current measurements and is intended to be a simple complementary 

tool o f the comprehensive test suite for early fault detection. The method targets 

non-catastrophic resistive open and short faults which may occur within a MOSFET 

device.

9.2 Recommendations for Further Studies

There are plenty o f opportunities for the extension of the work presented in this 

thesis, and some initiatives are already under way. We outline the recommendations 

for future research that may further advance the knowledge in this area.

9.2.1 Circuit Topology Development and Improvement

It has been shown that the built-in test approach may solve some disadvantages o f 

external test equipment, most importantly, processing speed and easier access to 

embedded cores. The question arises - how much can we rely on built-in devices 

when making decisions which could have a profound effect on the test economics? 

The answer to this question requires a careful evaluation o f the reliability, stability, 

and accuracy of the given sensor topology. Further research is needed to develop 

the tools and/or methodology to verify the correctness o f the sensing and monitor­

ing device itself. In this sense, development o f the supporting A/D and/or digital 

circuitry may be an appropriate way to address this issue.

Further improvements in the domain o f circuit topology are undoubtedly possi­

ble. A research group at the Rochester Institute o f Technology extended the work on 

the development of the presented current sensor device and showed that the process 

variation effects on sensor's performance could be minimized by introducing a sim­

ple feedback in the sensor amplifier. It is expected that the details o f their work be 

published in IEEE Transactions on VLSI Systems. Yet, at the time of submission 

o f this thesis, the particular reference is not yet finalized.
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Moreover, refinements could be envisioned by designing amplifying stages with 

enhanced performance and decreased sensitivity to environmental and process para­

meter changes. Several alternatives for topology optimization with self-calibrating 

mechanisms were also conceived during the course of this work, and some o f the 

ideas are presently in the implementation phase. In particular, a sensor using a dif­

ferential approach has been fabricated with a temperature-compensated input stage 

to reduce the environmental influence.

9.2.2 Test Methodology Development and Application

While a sizeable part o f the work in this thesis is dedicated to the development of 

the sensor topology suitable for built-in test applications, it is definitely worth men­

tioning that continuing exploration of current-based test methodologies requires 

further attention. Consideration may be given to the development of novel signa­

ture analysis techniques to reduce or eliminate the need for physical failure analysis. 

Statistical methods could be an alternative to detect a failing die o f a particular class 

to reliably pre-select and prioritize input to physical failure analysis.

Extensions to the existing current techniques may prove adequate for the next 

several technology nodes, but further research in the development of new method­

ologies is required. An idea would be to develop novel current test methods which 

could identify the root causes for failure based on test information without resort­

ing to physical failure analysis. A  key enabling technology is a characterization test 

method capable o f distinguishing individual defect types. Integration o f electrical 

characterization data with layout data and test results may also offer capabilities for 

improved test methodologies.

It is clear that adequate analog DFT and BIST techniques should be explored 

further. No equally effective alternative to specification-based analog testing exists 

and more research in this area is needed. Analog BIST could be suggested as a 

possible solution and area for more research. Fundamental research can be extended 

to identify techniques that enable reduction o f test instrument complexity or the 

elimination of the need for external instrumentation.
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9.2.3 Process Variation Analysis

We showed the degree to which variations in the process parameters may affect the 

current o f the MOSFET device. In the development of any current test techniques, 

process variation analysis should be taken into account. Several ideas for further 

research could be identified in this domain. In the application o f current-based test 

to analog circuits, it might be worth exploring i f  it is possible to develop a model 

of circuit's supply current which would incorporate currents o f circuit’s individual 

branches with a total standard deviation as a function of standard deviations of each 

branch. Understandably so, such an approach would make sense for analog circuits 

only as they contain relatively few number of branches and devices.

Statistical modeling may be a tool to develop a failure analysis method for ana­

log circuits which could be automated. Such a model may be used to predict more 

accurately the total expected process variation and it would clearly reveal the max­

imum resolution of any current-based test. This statistical method for determining 

the standard deviation o f the power supply current could be correlated with other 

parameters to yield a more effective tool for not only fault detection, but also the 

characterization o f analog circuits.

9.3 Concluding Remarks

The evolution o f the IC process technology w ill inevitably dictate the trends in 

the current-based test domain. As it stands now, IC test methods are becoming 

more complex, less effective, and with constantly reducing resolution. The like­

lihood that a single comprehensive test solution w ill emerge seems quite remote. 

Instead, we believe that the future successful test methodology must rely on a va­

riety of test techniques each of which w ill target a particular segment o f defects. 

The emphasized need for multi-test solutions w ill become even more apparent in 

the multi-domain and heterogenous micro-systems in which the increasing variety 

of possible defects w ill exist far beyond the reach of any single test approach.
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In this context, current-based test w ill continue to play an important role in ad­

dressing the segment o f defects inherently present in today’s CMOS circuits. As 

such, it is expected to remain in a typical test portfolio for the next 4-5 technology 

nodes. The significant scientific efforts to reduce leakage currents in CMOS circuits 

are driven primarily by the consumer market and the need for ultra low-power de­

vices. Advancements in technology processes coupled with other techniques may 

also alleviate to some degree the present challenges for current-based test and ex­

tend its use. The struggle to keep CMOS topology effective w ill ultimately deter­

mine the fate o f today’s current-based test. Indeed, the application o f current-based 

test w ill evolve with the technology, but its basic concept may, eventually, outlast 

the CMOS circuit architecture.
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