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El tribunal nombrado para juzgar la Tesis arriba indicada, compuesto por los

siguientes doctores:

Presidente:

Vocales:

Secretario:

acuerdan otorgarle la calificación de:

Madrid, 22 de Julio de 2015

El Secretario del Tribunal





To my parents





Contents

Acknowledgements xi

Resumen xiii

Abstract xvii

1 Introduction 1

1.1 Reliability Issues beyond 22nm Node . . . . . . . . . . . . . . . . . 3

1.1.1 Variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.2 Energy Consumption . . . . . . . . . . . . . . . . . . . . . . 4

1.1.3 Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Ph.D. Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Document Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 SRAMs Overview and Methodology 11

2.1 Introduction to SRAM Memories . . . . . . . . . . . . . . . . . . . 11

2.1.1 Classical Six-Transistor SRAM Cell . . . . . . . . . . . . . . 12

2.1.2 Data Hold . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.3 Write Process . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.4 Read Process . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.5 Cell Sizing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.6 Eight-Transistor Cell . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Common Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Stability Metrics . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 Performance Metrics . . . . . . . . . . . . . . . . . . . . . . 20

i



Contents

2.3 Introduction to FinFET Technology . . . . . . . . . . . . . . . . . . 22

2.3.1 Design Considerations for FinFET . . . . . . . . . . . . . . 23

2.3.2 Predictive Models . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 Device Mismatch . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4.1 Dependence on Device Area . . . . . . . . . . . . . . . . . . 27

2.4.2 Effects on SRAMs . . . . . . . . . . . . . . . . . . . . . . . 27

2.5 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Accurate Modeling of Transistor Mismatch beyond 22nm 33

3.1 Variability Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2 Sub-Threshold Slope and Drain Induced Barrier Lowering Mismatch

Modeling with Injectors . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1 Proposed Injector to Model Sub-Threshold Slope Mismatch . 39

3.2.2 Proposed Injector to Model Drain Induced Barrier Lowering

Mismatch . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.3 Spectre Equivalent Transistor Including the Four Injectors . 41

3.2.4 New Injectors Validation . . . . . . . . . . . . . . . . . . . . 42

3.3 Random Generation of the Proposed Injectors . . . . . . . . . . . . 51

3.3.1 Validation of Injectors Generation . . . . . . . . . . . . . . . 51

3.3.2 Injectors Scaling . . . . . . . . . . . . . . . . . . . . . . . . 53

3.4 Applications of New Injectors . . . . . . . . . . . . . . . . . . . . . 54

3.4.1 Experiment Description . . . . . . . . . . . . . . . . . . . . 56

3.4.2 Stability Results . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.3 Performance Results . . . . . . . . . . . . . . . . . . . . . . 58

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4 Low Power SRAMs Using Write-assist Techniques 63

4.1 Energy Consumption Issues in Electronic Circuits . . . . . . . . . . 64

4.1.1 Introduction to Near- and Sub-threshold Design . . . . . . . 65

4.1.2 Low Power SRAM Design . . . . . . . . . . . . . . . . . . . 67

4.1.3 Write-assist Techniques for SRAMs . . . . . . . . . . . . . . 67

4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2.1 Power Consumption Model for SRAMs Using Negative Bit-line

Write-assist . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.2 Hold Trip Point Metric . . . . . . . . . . . . . . . . . . . . . 72

4.2.3 Near-threshold Read Current Estimation under Variability . 74

4.2.4 Experiment and Methodology Description . . . . . . . . . . 76

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.1 Reliability Results . . . . . . . . . . . . . . . . . . . . . . . 79

4.3.2 Performance Results . . . . . . . . . . . . . . . . . . . . . . 80

ii



Contents

4.3.3 Effects of Temperature . . . . . . . . . . . . . . . . . . . . . 83

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5 Taking Advantage of Layout Dependent Effects to Enhance SRAM

Performance 87

5.1 Introduction to Layout Dependent Effects . . . . . . . . . . . . . . 88

5.2 Complementary Cell Proposal . . . . . . . . . . . . . . . . . . . . . 90

5.2.1 Complementary Cell Design . . . . . . . . . . . . . . . . . . 91

5.2.2 Complementary Cell Operation . . . . . . . . . . . . . . . . 93

5.3 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.3.1 Technology Used . . . . . . . . . . . . . . . . . . . . . . . . 97

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.4.1 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.4.2 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.4.3 Power Consumption . . . . . . . . . . . . . . . . . . . . . . 101

5.4.4 Biased Mismatch Dependence . . . . . . . . . . . . . . . . . 101

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6 SRAM Radiation Hardening beyond 22nm 105

6.1 Radiation Issues in Electronic Circuits . . . . . . . . . . . . . . . . 105

6.1.1 Soft Error Rate Estimation Methodology . . . . . . . . . . . 108

6.2 Combined Effects of Variability and Radiation under Dynamic Oper-

ation of SRAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.2.1 Static SRAM Analysis . . . . . . . . . . . . . . . . . . . . . 110

6.2.2 Dynamic Analysis . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2.3 Mismatch Analysis . . . . . . . . . . . . . . . . . . . . . . . 113

6.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.3 Soft Error Rate and Critical Charge Evolution for Predictive FinFET

Nodes under Variability . . . . . . . . . . . . . . . . . . . . . . . . 116

6.3.1 Experiments Carried out . . . . . . . . . . . . . . . . . . . . 116

6.3.2 Effects of Process Variations on the Critical Charge . . . . . 119

6.3.3 Effects of Process Variations on the Soft Error Rate . . . . . 120

6.4 SRAM Critical Charge Enhancement as Result of Variability . . . . 121

6.4.1 Demonstration . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.4.2 Effects on the Bit Error Rate . . . . . . . . . . . . . . . . . 124

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7 Conclusions 129

7.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Bibliography 151

iii





List of Figures

1.1 Effects of fin and gate line edge roughness and gate granularity of a

20nm FinFET device. . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Static and dynamic power density evolution with technology node. . 5

1.3 Structure of this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1 SRAM and logic area versus technology scaling. . . . . . . . . . . . 11

2.2 Typical arrangement of an SRAM array, showing the periphery and

the cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Typical 6T SRAM cell, showing the two looped inverters, the internal

nodes, the pass-gates and the controlling signals. . . . . . . . . . . . 13

2.4 Transfer curves of the two inverters in an SRAM cell. . . . . . . . . 14

2.5 Transient simulation of a write operation in a 6T SRAM cell. . . . . 15

2.6 Modified transfer curves of the inverters while writing a zero or a one. 15

2.7 Transient simulation of a read operation. . . . . . . . . . . . . . . . 16

2.8 Modified transfer curves during a read operation. . . . . . . . . . . 16

2.9 Eight-transistor SRAM cell, with decoupled read circuitry. . . . . . 18

2.10 Graphical representation of hold and read static noise margins. . . . 19

2.11 Graphical representation of the write static noise margins when writ-

ing a zero and a one. . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.12 Transient simulation to determine the write trip point when the

internal nodes flip. . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.13 Currents involved in SRAM cell operation. . . . . . . . . . . . . . . 22

2.14 Pull-up transistors of a NOR gate made out of FinFET devices. . . 23

2.15 Schematic representation of a FinFET transistor showing its repre-

sentative dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.16 Different effects of corners and mismatch combined, affecting two

arbitrary device parameters. . . . . . . . . . . . . . . . . . . . . . . 26

v



List of Figures

2.17 Effects of mismatch on the transfer curves of an SRAM cell and

different implementation tradeoffs. . . . . . . . . . . . . . . . . . . . 28

2.18 Iterative work-flow to determine the cells presenting an optimal tradeoff. 31

3.1 Effects of variability modeling by varying physical dimensions of the

transistor on a 22nm planar technology. . . . . . . . . . . . . . . . . 35

3.2 Circuit used to model threshold voltage variability and transformation

achieved in the equivalent transistor transfer curves. . . . . . . . . . 36

3.3 Circuit used to model drain-source current variability and transfor-

mation achieved in the equivalent transistor transfer curves. . . . . 37

3.4 Circuit used to model sub-threshold slope variability and transforma-

tion achieved in the equivalent transistor transfer curves. . . . . . . 40

3.5 Circuit used to model DIBL variability and transformation achieved

in the equivalent transistor transfer curves. . . . . . . . . . . . . . . 41

3.6 Spectre sub-circuit including four injectors to model the variability. 42

3.7 Structure of the FinFET device provided by the Device Modeling

Group of the University of Glasgow, and transfer curves obtained

under the sources of variability considered. . . . . . . . . . . . . . . 43

3.8 Sub-threshold slope vs. threshold voltage and DIBL vs. drain-source

current figures of merit. . . . . . . . . . . . . . . . . . . . . . . . . 45

3.9 Errors in the simulations of the sub-threshold slope vs. threshold

voltage and DIBL vs. drain-source current figures of merit. . . . . . 46

3.10 Errors in an SRAM cell figures of merit. . . . . . . . . . . . . . . . 47

3.11 Percent error compared to the reference model when simulating the

mean values and the standard deviations of the main SRAM cell

metrics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.12 Yield of a 32Kbit memory array, estimated using two and four-injector

variability modeling approaches. . . . . . . . . . . . . . . . . . . . . 49

3.13 Yield of a 32Kbit memory array, estimated using two and four-injector

variability modeling approaches, as the temperature increases. . . . 50

3.14 Reduction of the mean square error when modeling SRAM cell read

and leakage currents using four injectors instead of two as the tem-

perature is increased. . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.15 Sub-threshold slope vs. threshold voltage and DIBL vs. drain-source

current figures of merit, comparing the clouds obtained with random

injectors and those aimed to match the statistical compact model. . 52

3.16 Yield of a 32Kbit memory array, comparing the results using randomly

generated injectors and injectors specifically matching the reference

models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

vi



List of Figures

3.17 Read and write static noise margins, expressed as mean divided by

standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.18 Speed vs. mean leakage current, for the three different topologies and

four technology nodes considered. . . . . . . . . . . . . . . . . . . . 59

4.1 Energy and performance efficiency per operation for different logical

libraries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Transient simulation to determine the negative write trip point. . . 70

4.3 Transient simulation to determine the hold trip point. . . . . . . . . 73

4.4 Transfer curve of the pass-gate pull-down transistor path used to find

the equivalent gate voltage distribution. . . . . . . . . . . . . . . . . 75

4.5 Optimal energy-delay tradeoffs achieved by normal and negative

bit-line cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 Read and write stability metrics of the regular write selected cell. . 80

4.7 Read and write stability metrics of the negative bit-line selected cell. 81

4.8 Total power consumption of the memories and improvement of nega-

tive bit-line over regular memory for different activity factors. . . . 83

4.9 Effects of temperature on the leakage current and normalized read

current of negative bit-line and conventional SRAM cells. . . . . . . 83

5.1 Physical illustration of Shallow Trench Isolation and SiGe stressors. 89

5.2 Different effect of tensile STI strain on pMOS and nMOS devices

mobility, depending on fin extension at both sides of the gate. . . . 89

5.3 Layout of three regular 112 FinFET SRAM cells. . . . . . . . . . . 91

5.4 Schematic and layout of a 6T complementary cell. . . . . . . . . . . 92

5.5 Schematic and layout of a 8T complementary cell. . . . . . . . . . . 94

5.6 Layout of three 112 FinFET complementary SRAM cells. . . . . . . 95

5.7 Voltage at different nodes and lines during write and read processes

of a complementary SRAM cell, compared to a normal one. . . . . . 95

5.8 Read and Write Static Noise Margins comparison of complementary

and normal SRAM. . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.9 Speed performance vs. failure probability comparison of complemen-

tary and normal SRAM. . . . . . . . . . . . . . . . . . . . . . . . . 100

5.10 Comparison of leakage and read currents of complementary and

regular SRAM, for the four cell topologies considered. . . . . . . . . 102

5.11 Sensitivity of the cell read and write stabilities to the magnitude of

the mismatch of different transistors. . . . . . . . . . . . . . . . . . 103

6.1 Soft Error Rate dependency on cell dimensions: simulations vs. ex-

perimental results. . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2 Critical charge simulation in nominal scenario for the SRAM cell. . 112

vii



List of Figures

6.3 Upset probability under variability for different negative collected

charges and impact times. . . . . . . . . . . . . . . . . . . . . . . . 114

6.4 Upset probability under variability for different positive collected

charges and impact times. . . . . . . . . . . . . . . . . . . . . . . . 115

6.5 Neutron induced current for a collected charge of 0.5 fC. . . . . . . 117

6.6 Classical six-transistor SRAM cell. The current pulse induced by the

particle strike is shown. . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.7 Strengthening Concept inverter, used to build the SRAM cell of the

same name. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.8 Statistical distribution of the critical charge of the 6T and Strength-

ening Concept SRAM cells as a result of process variations. . . . . . 120

6.9 Effects of process variations in the critical charge and soft error rate

of a 6T SRAM cell for different technology nodes. . . . . . . . . . . 121

6.10 Effects of process variations in the critical charge and soft error rate

of a Strengthening Concept SRAM cell for different technology nodes. 122

6.11 Critical charge of each cell node for different combinations of pull-

down transistors threshold voltages. . . . . . . . . . . . . . . . . . . 123

6.12 Average critical charge of both cell nodes, for different combinations

of pull-down transistors threshold voltages. . . . . . . . . . . . . . . 124

6.13 Average critical charge of both cell nodes, for different combinations

of pull-up transistors threshold voltages. . . . . . . . . . . . . . . . 125

6.14 Average bit error rate for negative induced current pulses, depend-

ing on the different threshold voltage combinations of the pull-up

transistors in the cell. . . . . . . . . . . . . . . . . . . . . . . . . . . 125

viii



List of Tables

2.1 Main parameters of predictive technology nodes from Arizona State

University. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Structural and electrical parameters for the reference nMOS FinFET

device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2 Reduction of the mean square error when modeling transistors figures

of merit using four injectors instead of two. . . . . . . . . . . . . . . 46

3.3 Reduction of the mean square error when modeling SRAM cell metrics

using four injectors instead of two. . . . . . . . . . . . . . . . . . . 47

3.4 FinFET dimensions and nominal supply voltage of the Arizona Uni-

versity Predictive Technology Models [PTM] used in this work. . . . 54

3.5 ITRS targets for SRAMs corresponding to the technology nodes

considered in this work. . . . . . . . . . . . . . . . . . . . . . . . . 55

3.6 Detailed underestimation using two-injector method of stability met-

rics for each technology node and cell topology. . . . . . . . . . . . 58

3.7 Detailed underestimation using two-injector method of the speed

metric for each technology node and cell topology. . . . . . . . . . . 59

3.8 Detailed underestimation using two-injectors method of the mean

leakage current for each technology node and cell topology. . . . . . 60

4.1 Selected cells design. . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2 Energy consumptions for the two SRAMs. . . . . . . . . . . . . . . 82

6.1 Differences between simulated SER and experimental data. . . . . . 111

6.2 Main characteristics of Arizona State University predictive models. 117

6.3 Evolution of Soft Error Rate under process variations. . . . . . . . . 122

ix





Acknowledgements

I would like to start this thesis by thanking everyone that has made it possible with

their help or their support.

First of all, I must acknowledge the institutions that have funded this work: the

Technical University of Madrid through a research fellowship, and projects TOLERA

(TEC2012-31292) and RADHARQ (IPT-2012-0422-370000), funded by the Spanish

Ministry of Economy and Competitiveness.
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Resumen

La fiabilidad está pasando a ser el principal problema de los circuitos integrados

según la tecnoloǵıa desciende por debajo de los 22nm. Pequeñas imperfecciones en la

fabricación de los dispositivos dan lugar ahora a importantes diferencias aleatorias

en sus caracteŕısticas eléctricas, que han de ser tenidas en cuenta durante la fase de

diseño. Los nuevos procesos y materiales requeridos para la fabricación de dispositivos

de dimensiones tan reducidas están dando lugar a diferentes efectos que resultan

finalmente en un incremento del consumo estático, o una mayor vulnerabilidad frente

a radiación.

Las memorias SRAM son ya la parte más vulnerable de un sistema electrónico,

no solo por representar más de la mitad del área de los SoCs y microprocesadores

actuales, sino también porque las variaciones de proceso les afectan de forma cŕıtica,

donde el fallo de una única célula afecta a la memoria entera.

Esta tesis aborda los diferentes retos que presenta el diseño de memorias SRAM

en las tecnoloǵıas más pequeñas. En un escenario de aumento de la variabilidad,

se consideran problemas como el consumo de enerǵıa, el diseño teniendo en cuenta

efectos de la tecnoloǵıa a bajo nivel o el endurecimiento frente a radiación.

En primer lugar, dado el aumento de la variabilidad de los dispositivos pertene-

cientes a los nodos tecnológicos más pequeños, aśı como a la aparición de nuevas

fuentes de variabilidad por la inclusión de nuevos dispositivos y la reducción de sus

dimensiones, la precisión del modelado de dicha variabilidad es crucial. Se propone

en la tesis extender el método de inyectores, que modela la variabilidad a nivel de

circuito, abstrayendo sus causas f́ısicas, añadiendo dos nuevas fuentes para modelar la

pendiente sub-umbral y el DIBL, de creciente importancia en la tecnoloǵıa FinFET.

Los dos nuevos inyectores propuestos incrementan la exactitud de figuras de mérito

a diferentes niveles de abstracción del diseño electrónico: a nivel de transistor, de

puerta y de circuito. El error cuadrático medio al simular métricas de estabilidad y

xiii



Resumen

prestaciones de células SRAM se reduce un mı́nimo de 1,5 veces y hasta un máximo

de 7,5 a la vez que la estimación de la probabilidad de fallo se mejora en varios

ordenes de magnitud.

El diseño para bajo consumo es una de las principales aplicaciones actuales

dada la creciente importancia de los dispositivos móviles dependientes de bateŕıas.

Es igualmente necesario debido a las importantes densidades de potencia en los

sistemas actuales, con el fin de reducir su disipación térmica y sus consecuencias en

cuanto al envejecimiento. El método tradicional de reducir la tensión de alimentación

para reducir el consumo es problemático en el caso de las memorias SRAM dado el

creciente impacto de la variabilidad a bajas tensiones. Se propone el diseño de una

célula que usa valores negativos en la bit-line para reducir los fallos de escritura según

se reduce la tensión de alimentación principal. A pesar de usar una segunda fuente

de alimentación para la tensión negativa en la bit-line, el diseño propuesto consigue

reducir el consumo hasta en un 20 % comparado con una célula convencional. Una

nueva métrica, el hold trip point se ha propuesto para prevenir nuevos tipos de fallo

debidos al uso de tensiones negativas, aśı como un método alternativo para estimar

la velocidad de lectura, reduciendo el número de simulaciones necesarias.

Según continúa la reducción del tamaño de los dispositivos electrónicos, se

incluyen nuevos mecanismos que permiten facilitar el proceso de fabricación, o

alcanzar las prestaciones requeridas para cada nueva generación tecnológica. Se

puede citar como ejemplo el estrés compresivo o extensivo aplicado a los fins en

tecnoloǵıas FinFET, que altera la movilidad de los transistores fabricados a partir

de dichos fins. Los efectos de estos mecanismos dependen mucho del layout, la

posición de unos transistores afecta a los transistores colindantes y pudiendo ser el

efecto diferente en diferentes tipos de transistores. Se propone el uso de una célula

SRAM complementaria que utiliza dispositivos pMOS en los transistores de paso,

aśı reduciendo la longitud de los fins de los transistores nMOS y alargando los de

los pMOS, extendiéndolos a las células vecinas y hasta los ĺımites de la matriz de

células. Considerando los efectos del STI y estresores de SiGe, el diseño propuesto

mejora los dos tipos de transistores, mejorando las prestaciones de la célula SRAM

complementaria en más de un 10 % para una misma probabilidad de fallo y un

mismo consumo estático, sin que se requiera aumentar el área.

Finalmente, la radiación ha sido un problema recurrente en la electrónica para

aplicaciones espaciales, pero la reducción de las corrientes y tensiones de los dis-

positivos actuales los está volviendo vulnerables al ruido generado por radiación,

incluso a nivel de suelo. Pese a que tecnoloǵıas como SOI o FinFET reducen la

cantidad de enerǵıa colectada por el circuito durante el impacto de una part́ıcula,

las importantes variaciones de proceso en los nodos más pequeños va a afectar su

inmunidad frente a la radiación. Se demuestra que los errores inducidos por radiación

pueden aumentar hasta en un 40 % en el nodo de 7nm cuando se consideran las
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variaciones de proceso, comparado con el caso nominal. Este incremento es de una

magnitud mayor que la mejora obtenida mediante el diseño de células de memoria

espećıficamente endurecidas frente a radiación, sugiriendo que la reducción de la

variabilidad representaŕıa una mayor mejora.
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Abstract

Reliability is becoming the main concern on integrated circuit as the technology

goes beyond 22nm. Small imperfections in the device manufacturing result now

in important random differences of the devices at electrical level which must be

dealt with during the design. New processes and materials, required to allow the

fabrication of the extremely short devices, are making new effects appear resulting

ultimately on increased static power consumption, or higher vulnerability to radiation

SRAMs have become the most vulnerable part of electronic systems, not only they

account for more than half of the chip area of nowadays SoCs and microprocessors,

but they are critical as soon as different variation sources are regarded, with failures

in a single cell making the whole memory fail.

This thesis addresses the different challenges that SRAM design has in the

smallest technologies. In a common scenario of increasing variability, issues like

energy consumption, design aware of the technology and radiation hardening are

considered.

First, given the increasing magnitude of device variability in the smallest nodes,

as well as new sources of variability appearing as a consequence of new devices and

shortened lengths, an accurate modeling of the variability is crucial. We propose

to extend the injectors method that models variability at circuit level, abstracting

its physical sources, to better model sub-threshold slope and drain induced barrier

lowering that are gaining importance in FinFET technology. The two new proposed

injectors bring an increased accuracy of figures of merit at different abstraction levels

of electronic design, at transistor, gate and circuit levels. The mean square error

estimating performance and stability metrics of SRAM cells is reduced by at least

1.5 and up to 7.5 while the yield estimation is improved by orders of magnitude.

Low power design is a major constraint given the high-growing market of mobile

devices that run on battery. It is also relevant because of the increased power

densities of nowadays systems, in order to reduce the thermal dissipation and its
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impact on aging. The traditional approach of reducing the voltage to lower the

energy consumption if challenging in the case of SRAMs given the increased impact

of process variations at low voltage supplies. We propose a cell design that makes

use of negative bit-line write-assist to overcome write failures as the main supply

voltage is lowered. Despite using a second power source for the negative bit-line,

the design achieves an energy reduction up to 20% compared to a conventional cell.

A new metric, the hold trip point has been introduced to deal with new sources of

failures to cells using a negative bit-line voltage, as well as an alternative method to

estimate cell speed, requiring less simulations.

With the continuous reduction of device sizes, new mechanisms need to be

included to ease the fabrication process and to meet the performance targets of the

successive nodes. As example we can consider the compressive or tensile strains

included in FinFET technology, that alter the mobility of the transistors made

out of the concerned fins. The effects of these mechanisms are very dependent on

the layout, with transistor being affected by their neighbors, and different types

of transistors being affected in a different way. We propose to use complementary

SRAM cells with pMOS pass-gates in order to reduce the fin length of nMOS devices

and achieve long uncut fins for the pMOS devices when the cell is included in its

corresponding array. Once Shallow Trench isolation and SiGe stressors are considered

the proposed design improves both kinds of transistor, boosting the performance of

complementary SRAM cells by more than 10% for a same failure probability and

static power consumption, with no area overhead.

While radiation has been a traditional concern in space electronics, the small

currents and voltages used in the latest nodes are making them more vulnerable

to radiation-induced transient noise, even at ground level. Even if SOI or FinFET

technologies reduce the amount of energy transferred from the striking particle to

the circuit, the important process variation that the smallest nodes will present will

affect their radiation hardening capabilities. We demonstrate that process variations

can increase the radiation-induced error rate by up to 40% in the 7nm node compared

to the nominal case. This increase is higher than the improvement achieved by

radiation-hardened cells suggesting that the reduction of process variations would

bring a higher improvement.
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Chapter 1

Introduction

The transistor, invented by John Bardeen, Walter Houser Brattain and William

Bradford Shockley in December 1947 while they were working at Bell Labs, and its

realization for the first time into an integrated circuit, by Jack Kilby in 1958 have

allowed for an impressive improvement of computational capabilities. Computers

switched from occupying entire buildings to fit in a hand, for a same performance,

which started to grow exponentially since.

Gordon Moore noticed this exponential growth in 1965, and predicted that

the number of transistors in an integrated circuit would double every year. This

observation has been popularized as Moore’s Law. Although it was only a projection

in the beginning, it quickly became a target that has driven all the semiconductor

industry for more than 50 years. Nowadays, close to 10 billion transistors can be

integrated in a same microprocessor, or even more in FPGAs or memories.

While the initial observation only referred to transistor count, other parameters

such as minimum feature size, storage capacities, speed, performance have followed

a same trend. Unfortunately, devices currently being manufactured are approaching

fundamental physical barriers such the size of a single atom, and Moore’s Law is

coming to an end. Although in the last years technology has still maintained trends,

the era where designs could be ported from one node to the next one just by scaling

has ended.

The trend of device size scaling has already slowed down although the performance

scaling trend has been kept thanks to the introduction of multi-core architectures.

Device scaling not only requires important improvements in lithography technology

such as i193 [MAA+07] or techniques, such as multiple patterning, it also requires

new materials or devices to be introduced.

Every small improvement at device level can make the difference for the next

node between meeting the performance targets set by Moore’s law and not being

realizable at all. In this sense, new materials like high-κ dielectrics and metal gates

allowed for a reduction of gate leakage. Using strained technology helped increase

charge carrier mobility, boosting device performance.

New thin body devices can help lowering parasitic capacitance and enhancing

channel control, reducing sub-threshold leakage as a result. This is the case of

Silicon-on-Insulator where the device is isolated by a buried oxide. In the same
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sense, FinFET technology is expected to become the industry standard below

20 nm. This 3D device provides a better control of the transistor channel, which

stands out of the substrate and is fully surrounded by the gate terminal. Although

FinFET has only reached the market recently, the industry is already working in

its successor, being the nanowire transistor a possible enabler in order to reach the

5 nm node [AM15, Sim15].

However, all these improvements introduced with every new technology node

do not come for free, bringing new challenges that need to be taken into account

during the design phase.

In addition to the manufacturing issues that drawing such small patterns exhibit,

devices present several problems that make the design of circuits using them chal-

lenging. Small imperfections in the device manufacturing result now in important

random differences of the devices at electrical level which must be dealt with during

the design. The extremely short length of drawn devices are making short channel

effects appear resulting ultimately on increased static power consumption, that was

one of the leading advantages of CMOS technology.

In addition to process variability, that can be regarded as a static effect, other

harm effects evolve over time due to temperature of aging. The increasing power

densities of latest CMOS designs raise their temperature. This can also be regarded as

an issue since circuit performance is degraded as they operate at higher temperatures.

On the long term, this will speed up the aging of the circuits, permanently degrading

their performance.

Aging is another issue CMOS technology suffers from as it shrinks to nanometer

scale. Devices face thermal and electrical stress during normal functioning that

makes their characteristics change over time. Phenomena as bias temperature

instability, hot carrier injection, time-dependent dielectric breakdown or electro-

migration directly affect device parameters as threshold voltage, mobility, gate

leakage or the electrical interconnections respectively [Sap13], increasing the chances

of a failure as a consequence. New design techniques must be aware and monitor

this behavior in order to adapt their functioning.

SRAMs have become the most vulnerable part of electronic circuits, not only

they account for more than half of the chip area of SoCs and microprocessors, but

they are critical as soon as different variation sources are regarded, with failures in

a single cell making the whole memory to fail.

New designs using incoming technologies, by now at a predictive level, will require

to take into account all these harming sources, in this scenario is where this Ph.D.

thesis is set.
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1.1. Reliability Issues beyond 22nm Node

Figure 1.1: Effects of fin and gate line edge roughness and gate granularity of a

20nm FinFET device. Source: Gold Standard Simulations.

1.1 Reliability Issues beyond 22nm Node

1.1.1 Variability

In addition to the variations as a consequence of the fabrication process, smaller

technology nodes face now important reliability issues due to mismatch inherent

to the technology. The increasing importance of purely random mismatch effects

compared to systematic errors, is leading to mismatch between devices in the same

chip or circuit, in addition to differences from wafer to wafer.

Previous nodes could tolerate roughness in the order of a few nanometers in the

transistor edges, as in Figure 1.1, or differences of a few dopants in the diffusion

zones, that were masked by the big area of the patterns or the huge amount of atoms

according to the law of large numbers. For nodes beyond 22nm, these figures can

be compared now to the absolute numbers of those magnitudes. As a consequence,

gates made out of those devices can present very different responses from instance to

instance. The increasing impact of variability in smallest technologies could cancel

out their important performance benefits [Bor05].

Classical corner design, that assumed different combinations of worst and best

cases for some device parameters, is becoming outdated. Variability must now be

taken into account during the hole design process, up to simulation and test levels.

A better understanding of the sources of variability at device level is needed to build

reliable circuits. Furthermore, there is a clear need of new architectures that can

monitor and adapt to these variations.
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These new design paradigms based on Monte-Carlo simulations rather than

constraining the cases to a small set of corners heavily increase the computational

cost of simulations and design. New methodologies need to be developed to optimize

the number of simulations required to achieve a reliable implementation.

Different strategies to achieve variation tolerant designs have been proposed

in [ARA11, SBK06]. Statistical static timing analysis (SSTA) has already been

incorporated to design tools at industrial level, replacing constant values in charac-

terized logic gates by probability functions [FP09]. However, more efforts must be

done in this sense.

Mismatch notably affects circuits that rely on some equilibrium to be used as

storage elements, which is the case of registers and above all SRAM cells. Important

efforts must be done to increase reliability of SRAMs, from device level, introducing

technologies with lower mismatch such as deeply depleted channels [FTH+11], to

circuit level, achieving design less vulnerable to mismatch, such as eight-transistor

cells [KLK07]. Given the important area share of SRAMs, a small increase in the

area allocated to a cell has a huge impact on the area of the whole system, tradeoffs

between reliability and area must be achieved.

1.1.2 Energy Consumption

As a consequence of more and more devices being integrated in the same chip, their

power consumption does not cease to increase, more specifically power densities

become unaffordable. While dynamic power can be controlled as we switch to lower

nodes, parasitic capacitances are also lowered and so it is the voltage supply, the

share of static power increases radically turning to account for more than 50% of

total power in some circuits, as shown in Figure 1.2. This is specially undesirable in

mobile devices as they consume energy even if no operation is being performed and

can lead to draining the battery. Another negative effect is the increased temperature

resulting on circuit performance degradation and accelerated aging.

Power depends on the supply voltage, this is why the power supplies have

reduced their nominal values at a continuous pace, some circuits working now at

voltages below 1 V. Near- and sub-threshold designs appear as options for ultra

low power applications. Although they have proven to bring the lower energy

consumptions of best energy efficiency, they are particularly affected by mismatch.

Below the threshold voltage, currents switch from linear responses to having an

exponential behavior, heavily increasing the impact of small variations in the

transistor characteristics.
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Figure 1.2: Static and dynamic power density evolution with technology

node [Kim10].

As SRAM memories cannot be switched off to save energy since they would

lose their contents, reducing energy consumption of SRAMs has become a leading

necessity. Saving energy by working at very low voltages constitutes a real reliability

challenge in the case of SRAM cells beyond the 22nm technology node since already

increasing process variations, become even more relevant as the voltage is reduced.

1.1.3 Radiation

An additional source of variability coming from the working environment is radiation.

It has been an issue for electronic circuits operating in space, where the absence of

atmosphere makes the hit of particles more likely to happen and they strike with

more energy.

Radiation can have different consequences at circuit level, the total ionizing

dose induces defects in the devices and accelerates aging, finally degrading system

performance. In addition particle strikes in sensitive nodes of the circuits induce

current peaks known as single event effects (SEE). These transient noises, depending

on their magnitude can lead to change the values of bit in storage nodes, known as

single event upset.

With new technologies getting smaller and smaller, and using lower supply

voltages, the currents carrying information get smaller too and become comparable

to those induced by particle radiation increasing the chances of errors even at ground

level. Error rates are expected to grow at a rate above 8% per bit for each new

technology node, leading to important issues regarding circuit reliability [Bor05].
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Different approaches can be considered to face radiation induced errors. Radiation

hardening by process uses technological improvements in the manufacturing process,

or different devices, such as Silicon-on-Insulator to reduce the impact of a particle hit.

Radiation hardening by design uses conventional technologies resulting on a lower

cost. Different improvements ranging from transistor layout and sizing [SGA01] to

system level architectures able to correct induced errors have been considered in the

literature [CFBC99, SLJ12].

Radiation significantly affecting storage elements cannot be ignored when it

comes to SRAM design. Special attention must be paid as variability ramps up and

lower voltages are used.

1.2 Ph.D. Objectives

In this Ph.D. thesis we want to address the most harmful the design issues that

current and incoming sub-22nm devices present. We will mainly focus on the design

of SRAM memories as those are the circuits that take most area and consume more

energy in nowadays systems. The different proposals will address very different

aspects of electronics design, from layout, device modeling, cell characterization

using Monte-Carlo methods, and result analysis. All this will have the common goal

of overtaking radiation, energy and variability constraints that will heavily affect

memories. Specifically, the main objectives of this thesis are the following:

1. Identification of the transistor main electrical parameters affected by process

variations in sub-22nm technologies.

2. Accurately modeling those sources of variation based on design parameters such

as device type or transistor dimensions, and apply it to predictive technology

nodes without variability information.

3. Identify different power consumption sources of SRAM memories and how

much it can be reduced scaling the supply voltage. In this sense we will consider

the effects of SRAM write-assist techniques in the energy consumption and

voltage scaling of SRAMs.

4. Achieve a good understanding of how layout dependent effects of new tech-

nologies affect individual transistor performance, and propose designs that use

those effects to boost SRAM performance.

5. Develop a simulation process to estimate radiation induced soft-error rate,

and use it to evaluate how mismatch affects radiation hardening capabilities

of SRAM cells.
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1.2.1 Contributions

The contributions presented in this thesis are the following. In Chapter 3:

� A circuit level method to improve the accuracy of mismatch modeling in the

near and sub-threshold.

� A method to generate the sets of four injectors based on statistical metrics.

In Chapter 4:

� We show that power consumption can be reduced using negative bit-line

write-assist techniques despite the use of supplementary power sources.

� A method to better model the tails of the distribution of the read current of

SRAM cells working in the near-threshold region is proposed.

� A new metric, the hold trip point, is proposed to ensure the stability of

non-accessed cells when the negative bit-line write-assist technique is used.

In Chapter 5:

� We prove that layout dependent effects can be maximized in SRAM cell design

in order to enhance their performance.

� A complementary cell is shown to have better performance in technologies

with SiGe stressors and Shallow Trench Isolation.

� The same complementary cell has stability benefits in technologies with in-

creased nMOS mismatch.

In Chapter 6:

� The important effects of variability in the radiation hardening capabilities of

sub-22nm SRAM cells are shown.

� We show that in the smallest nodes, the degradation of radiation hardening

capabilities due to variability weights more that the gain obtained using

radiation hardening by design.

� We prove that despite seeing their critical charge improved, asymmetric cells

present a higher soft error rate.
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1.2.2 Publications

Some of the contributions and results presented in this thesis have already been

published in conferences or journal papers and are listed next:

Part of the work described in Chapter 3, Accurate Modeling of Transistor Mismatch

beyond 22nm, has been published in:

1. Circuit-level modeling of FinFet sub-threshold slope and DIBL mismatch beyond

22nm. Royer, Pablo; Zuber, Paul; Cheng, Binjie; Asenov, Asen; López-

Vallejo, Marisa. 18th International Conference on Simulation of Semiconductor

Processes and Devices (SISPAD 2013). Glasgow, Scotland. Sept. 2013.

2. Four-injector variability modeling of FinFET predictive technology models.

Royer, Pablo; López-Vallejo, Marisa; Garćıa Redondo, Fernando; López Barrio,

Carlos Alberto. 5th European Workshop on CMOS Variability (VARI 2014).

Palma, Spain. Sept. 2014.

Results presented in Chapter 4, Low Power SRAMs using Write-Assist Techniques,

were published in:

3. TEASE: a systematic analysis framework for early evaluation of FinFET based

advanced technology nodes. Mallik, Arindam; Zuber, Paul; Liu, Tsung-Te;

Chava, Bharani; Ballal, Bhavana; Royer, Pablo; Baert, Rogier; Croes, Kris;

Ryckaert, Julien; Badaroglu, Mustafa; Mercha, Abdelkarim; Verkest, Diederik.

50th Annual Design Automation Conference (DAC 2013). Austin, TX, USA.

June 2013.

4. A low power 6t-SRAM using negative bit-line for variability tolerance beyond

22nm. Royer, Pablo; López-Vallejo, Marisa; 23rd ACM international conference

on Great lakes symposium on VLSI (GLSVLSI 2013). Paris, France. May

2013.

The complementary SRAM cell introduced in Chapter 5, Taking Advantage of Layout

Dependent Effects to Enhance SRAM Performance, was presented in:

5. Using pMOS Pass-Gates to Boost SRAM Performance by Exploiting Strain

Effects in Sub-20nm FinFET Technologies. Royer, Pablo; López-Vallejo,

Marisa. IEEE Transactions on Nanotechnology, vol.13, no.6, pp.1226,1233.

Nov. 2014.

Finally, the results presented in Chapter 6, SRAM Radiation Hardening beyond

22nm, are based on the works:
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6. A tool for the automatic analysis of single events effects on electronic circuits.

Garćıa Redondo, Fernando; López-Vallejo, Marisa; Royer, Pablo; Agust́ın,

Javier. 5th European Workshop on CMOS Variability (VARI 2014). Palma,

Spain. Sept. 2014.

7. Evolution of Radiation-Induced Soft Error Rate and Critical Charge in FinFET

SRAMs under Process Variations beyond 22nm. Royer, Pablo; López-Vallejo,

Marisa; Garćıa Redondo, Fernando. To be published at the 11th ACM/IEEE

International Symposium on Nanoscale Architectures (NANOARCH 2015).

Boston, USA. July 2015.

1.3 Document Structure

The structure of this thesis is summarized in Figure 1.3. Chapter 2 serves as an

extended introduction, explaining all the concepts that are common to the work

performed in the rest of the thesis. There the importance of SRAMs is justified and

the normal operation of a cell explained, as well as the metrics used to evaluate their

performance. The sources of process variations are also explained in this chapter,

showing why they will become more relevant in future nodes and how they affect

SRAM reliability. Finally an overview of the proposed common methodology and

transistor devices used in the next chapters is shown.

Chapter 3 explains the need for modeling variability beyond 22nm, and reviews

how this can be done when the technology models do not include it yet. The

traditional injectors method is detailed, and new injectors are proposed to achieve

a better accuracy modeling mismatch of electrical parameters in transistor sub-

threshold region. This injector-based method is used to model variability in the

other chapters.

Chapter 4 addresses the energy consumption challenges that future technology

will face. Low power SRAMs are designed by lowering their supply voltage, taking

into account the increased impact of process variations at low voltages. Write-assist

techniques are considered to overcome failures deriving from those low voltages,

comparing the tradeoffs achievable with and without them. New techniques and

methods are proposed to achieve a reliable near-threshold design when those write-

assist techniques are used.

In Chapter 5, a new design for a 6T cell is evaluated, pMOS pass-gates are used

and the inverters at the core of the cell are complemented in order to maximize

the benefits that layout dependent effects have in pMOS devices for the strained

FinFET technology considered. The performance of both cells are evaluated under

process variation conditions, and considering different mismatch magnitudes for

pMOS and nMOS devices.
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Figure 1.3: Structure of this thesis.

Chapter 6 details the effects of radiation in electronic circuits, and the resulting

induced errors. It validates the process of assessing the radiation hardening of an

SRAM cell and applies the same methodology to analyze the joint effects of radiation

and process variations in upcoming technology nodes, comparing conventional and

radiation hardening SRAM cells.

To conclude, Chapter 7 summarizes the results obtained during this thesis and

presented in the previous chapters. Some ideas for future work, based on the results

obtained are finally proposed.
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Chapter 2

SRAMs Overview and Methodology

2.1 Introduction to SRAM Memories

Nowadays System-on-Chips and microprocessors see most of their area occupied by

SRAM memories, distributed in caches of different levels. This predominance of

memories has increased over the past years as shown in Figure 2.1 and now accounts

for nearly 90% of the total area.

SRAM memories are composed by periphery and storage elements. The periphery

is in charge of controlling the different operations that the memory has to carry out.

During a write access, it translates the data from the ports of the memory to the

internal control lines, in charge of writing the bits to the addressed cells. During

a read access, it activates the addressed cells, senses the data in the internal lines

and translates the data to the output. The periphery is also in charge of the correct

timing.

At the core of the SRAMs are the storage elements, arranged in regular arrays

of repeated cells, where each cell stores a bit. As can be seen in Figure 2.2, cells are

usually accessed one row at a time by one of the horizontal lines that corresponds to

the selected address. Then, the vertical lines for each cell are set to the appropriate

voltage to perform a write operation, or sensed for a read operation. The operation

Year
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Figure 2.1: SRAM and logic area versus technology scaling. SRAM dominates

chip area in modern SoCs and microprocessors [ARA12, Zor02].
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Figure 2.2: Typical arrangement of an SRAM array, showing the periphery (in

blue) and the cells (in red), with one row of cells accessed (dark red).

is performed in all the cells of the selected row, where each column corresponds to

one bit. A complete memory usually consists of multiple instances of this kind of

arrays.

Special attention must be paid to the design of the individual cells. Little

changes in their area or how compact they can be placed, get multiplied by the huge

number of cells in the SRAM array and finally have a big impact at the scale of the

whole chip. Some nanometric technologies provide relaxed layout design rules for

memories pushing their compactness further but on the other hand requiring a very

careful design [GBZ+05] to achieve a suitable tradeoff between area, performance

and reliability.

2.1.1 Classical Six-Transistor SRAM Cell

The number of horizontal and vertical control lines per cell depends on the cell

design. The most common SRAM, based on six-transistor (6T) cells, needs one

horizontal line called word-line and two vertical lines per cell, called bit-lines.

The 6T cell consists of two looped inverters, the output of each inverter being

connected to the input of the other one, as shown in Figure 2.3. This constitutes

the two internal nodes of the cell, one is called bit and corresponds to the stored

data, while the other has the inverted value, bit. Each inverter is made of one pMOS

transistor, called pull-up, and one nMOS transistor, called pull-down.

12



2.1. Introduction to SRAM Memories

� ��������� ���������

	��������

���

����

Figure 2.3: Typical 6T SRAM cell, showing the two looped inverters, the internal

nodes, the pass-gates and the controlling signals: word-line and bit-lines.

In addition to the two inverters, another two nMOS transistors, called pass-gates,

connect the internal nodes to the bit-lines. The node bit is connected to bit-line

through one pass-gate, while the other connects bit to bit-line. These pass-gates are

controlled by the word-line, the same line, connected to their gates, controls both

transistors.

2.1.2 Data Hold

The ability of an SRAM cell to store a data relies on the two looped inverters. If the

word-lines are tied to ground, the pass-gates are cut and can be ignored in Figure 2.3.

Assuming there is a one in bit, then the top inverter will drive bit to zero and finally

the bottom inverter will drive a one in bit, reinforcing the initial data, thus ensuring

a given value is hold. The same reasoning can be applied assuming that the initial

data stored in bit is a zero.

If we plot the transfer curves of the two internal inverters corresponding each

axis to the voltage in one of the nodes, as in Figure 2.4, three intersections can be

seen. The intersection in the middle is not stable, the two other points correspond

to the two possible values stored by the cell, either a zero or a one.

The 6T cell relies on two-transistor inverters to hold the data as this will result on

the smallest area, however, the classic inverters could be replaced by other designs,

that will be also able to store two possible values. These different designs can be

based on altering the sizes of the pull-up and pull-down transistors, or different

circuits involving inverters with more transistors, such as Schmitt trigger based, in

order to enhance characteristics of the cell, like stability or noise resilience.

13
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Figure 2.4: Transfer curves of the two inverters in an SRAM cell. The two

stable intersections are shown, each one corresponds to a possible stored value.

2.1.3 Write Process

Knowing that the two looped inverters at the core of the cell are able to store both

possible data, we need to be able to force the desired value to be hold in the cells,

which is known as a write operation.

The write operation is started by setting the word-line to V dd, that activates

the pass-gates. Meanwhile the periphery, on top of Figure 2.2, sets the bit-lines to

the values we want to write in the internal nodes of the cell. When we are trying to

write an opposite value than the one being stored, the pass-gate is forcing a value

while the inverter is trying to hold the complementary one. The transistors must be

sized so that the pass-gate overtakes the inverter in order to achieve a successful

write.

A transient simulation of a write operation is shown in Figure 2.5. The cell

starts holding a one, as shown by the initial values of the internal nodes bit = V dd

and bit = 0, while the opposite value needs to be written, setting bit-line = 0 and

bit-line = V dd. By rising the word-line from 0 to V dd at t = 1ns the pass-gates are

activated, writing the values in the bit-lines to the internal nodes, exchanging the

voltages in bit and bit. After the word-lines are tied back to ground, the cell holds

the new value in the internal nodes.

The activated pass-gates have the effect of changing the transfer curves of the

inverters to the ones shown in Figure 2.6, leaving only one stable point where the

transfer curves cross. This forces the cell to keep holding the data corresponding

to that point after the write operation has finished. The voltages in the bit-lines

14



2.1. Introduction to SRAM Memories

[v
]

0
0.2
0.4
0.6
0.8

word-line

time [ns]
0.5 1 1.5 2 2.5

[v
]

0
0.2
0.4
0.6
0.8

bit
~bit

Figure 2.5: Transient simulation of a write operation in a 6T SRAM cell. A

zero is written to the cell previously holding a one.
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Figure 2.6: Modified transfer curves of the inverters while writing a zero (a) or

a one (b). Only the stable crossing point corresponding to the data being written

remains in each write case.

during the write operation determine which stable point of the cell is selected,

having bit-line tied to ground while bit-line is set to V dd forces a zero as shown in

Figure 2.6a while setting the opposite voltages forces a one as shown in Figure 2.6b.

2.1.4 Read Process

Once we are able to write the chosen value to the cell and the cell is able to hold it,

the remaining operation consists in retrieving the data stored in the cell. In addition

to correctly reading the data, we have to ensure that the contents of the cell are not

altered during the read operation.

In the case of a 6T cell, as for the write, the read operation is triggered by rising

the voltage of the word-line from ground to V dd which activates the pass-gates.

Instead of forcing the voltages of the bit-lines, those are now pre-charged to V dd

but then left floating. The pass-gate connected to the internal node set to ground
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Figure 2.7: Transient simulation of a read operation.
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Figure 2.8: Modified transfer curves during a read operation, for bit-line =

bit-line = V dd. The stability is degraded.

will sink current from the bit-line to which it is connected, progressively discharging

it as shown in Figure 2.7. The voltage difference between the two bit-lines is sensed

by the read periphery —at the bottom in Figure 2.2— amplifying the difference to

retrieve the data stored in the cell. The circuit in charge of this is called a sense

amplifier, it usually needs a small voltage difference between the bit-lines typically

about 10% of the supply voltage [MMR05a].

The transfer curves of the inverters are also altered during a read operation as

shown in Figure 2.8. The two curves cross three times with two stable points, which

indicates that the contents will not be altered. However the curves are much closer

to each other compared to those in Figure 2.4, which means the stability is degraded

and more vulnerable to noise, this can be seen too in Figure 2.7 as the voltage of

the internal node bit is altered during the read access.
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2.1.5 Cell Sizing

As seen in the previous sections, 6T cells reuse the pass-gate transistors for write

and read operations, minimizing the area. This has the effect of altering the transfer

curves of the inverters, compromising the correct storage of the data.

During a write operation, the value written by the bit-lines through the pass-gate

has to overtake the original values of the internal nodes held by the inverters. During

a read access the pass-gate needs to influence as little as possible the voltages in the

internal nodes.

This tradeoff is usually achieved by designing the inverters with strong pull-

downs and weak pull-ups. The strong pull-down will ease a faster discharge of the

bit-line during a read access while forcing the low voltage in the node storing a

zero. Meanwhile the weak pull-up will be easily overtaken by the pass-gate, forcing

a low voltage in the internal node during a write access, the other internal node will

then be set to the required high voltage by the inverter, rather than by the other

pass-gate.

2.1.6 Eight-Transistor Cell

Alternative cells try to deal with the alteration of the transfer curves during a read

access, in order to avoid destructive reads.

The eight-transistor cell (8T) reuses the classical 6T cell, adding a decoupled

read circuitry. While the write and hold processes are the same as for the 6T cell,

one of the internal nodes is probed connecting it to the gate of another transistor,

thus not introducing any disturbance out of a small parasitic capacitance.

Those two new transistors are connected to dedicated read-word-line and read-

bit-line as shown in Figure 2.9. The read process is then performed by rising the

voltage in the read-word-line, leaving the read-bit-line pre-charged to V dd and

floating. Depending on the voltage in the probed internal node the read-bit-line will

be discharged or not and its value sensed by the read periphery.

This cell has the advantage of avoiding disturbances on the storage nodes during

read accesses, on the other hand it requires more area for two new transistors, a

second horizontal word-line and a third vertical bit-line. In addition those two new

control lines need to be taken care of by the periphery.
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Figure 2.9: Eight-transistor SRAM cell, with decoupled read circuitry.

2.2 Common Metrics

As introduced before, SRAM cells must fulfill certain characteristics in order to

ensure their ability to write a given data, hold it and read it without altering it.

Additionally, different cells can be classified depending on their speed and power

consumption.

In order to design cells that achieve an optimal tradeoff between all those

characteristics, different metrics can be defined that allow us rate them.

2.2.1 Stability Metrics

Stability metrics apply to the three situations that the cell has to accomplish: hold,

read and write. Those metrics let us see not only that the cell can effectively perform

those three tasks, but also with how much confidence they do so and how far away

they are from failing at it.

The metric usually used to reflect the stability of an SRAM cell during hold and

read is the static noise margin (SNM), it corresponds to the maximum constant

voltage noise that can be added to the nodes of the cell without its contents

flipping [SLL87].

Graphically this metric corresponds to the largest squares that can be drawn

between the transfer curves of the looped inverters, as shown in Figure 2.10. Two

squares can be drawn, each one representing the stability of each bit value the cell

can hold. It the inverters are symmetrical, both squares will have the same size.

The smaller the squares get, the cell less stable is. On the limit, if a square becomes

18



2.2. Common Metrics

bit [v]
0 0.2 0.4 0.6 0.8 1

~
bi

t [
v]

0

0.2

0.4

0.6

0.8

1

(a) Hold SNM

bit [v]
0 0.2 0.4 0.6 0.8 1

~
bi

t [
v]

0

0.2

0.4

0.6

0.8

1

inverter #1
inverter #2

(b) Read SNM

Figure 2.10: Graphical representation of hold (a) and read (b) static noise

margins.
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Figure 2.11: Graphical representation of the write static noise margins when

writing a zero (a) and a one (b).

so small that it disappears, it means that the transfer curves do not cross anymore,

making the stable point disappear too, which means that the cell is not able to store

the corresponding data.

In a 6T SRAM cell, due to the disturbance introduced by the pass-gates when

activated, the most restrictive SNM value is while reading, as can be seen in

Figure 2.10b compared to Figure 2.10a, as a consequence, read SNM is usually taken

as the main stability metric.

A similar metric can be used to reflect the write ability of the cell. As explained

before, during a write operation, the plot of the transfer curves of the two inverters

only crosses on one point that corresponds to the value we are forcing the cell to

store. The write static noise margin is the smallest distance between the two transfer

curves that prevents them to cross at a second point, as represented by the smallest

squares that can be drawn between the curves in Figure 2.11. Two different values

can be measured for each value that can be written to the cell.
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Figure 2.12: Transient simulation to determine the write trip point when the

internal nodes flip (a), and transfer curves of the inverters when V bl = WTP (b).

An alternative metric to represent the write ability of a cell is the write trip

point (WTP) [AN06]. It corresponds to the voltage to which the bit-line writing the

zero needs to be discharged so that the zero is actually written, flipping the voltages

of the internal nodes of the cell. It assumes the other control lines are set to their

optimal voltages, that is the other bit-line and the word-line are tied to V dd. This

is shown in Figure 2.12a, where the internal nodes are flipped at t = 2.44 ns when

V bl = 252mV = WTP .

Write SNM and WTP are two aspects of a same cell characteristic and can be

used equally. While the write SNM corresponds to the margin when performing a

write operation with optimal control voltages, the WTP is the maximum voltage

in the bit-line that still ensures a write. It corresponds in the transfer curves to

the exact switch from two stable points to only one as shown in Figure 2.12b. The

static noise margin corresponding to that write with non-optimal control voltages

would be zero.

2.2.2 Performance Metrics

Apart from stability metrics that ensure the cell can carry out the tasks it was

designed for, performance metrics ensure the cell will fit in the system in terms of

speed and power consumption.

The speed of a memory is influenced by several factors, the periphery contributes

to the delay by the time it takes to decode the address, put the appropriate voltages

in the bit-lines and word-lines for the required operation, or load the output buffers

with the read data.
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The cell will contribute to the delay depending on how long it takes to flip the

internal voltages during a write operation, or to discharge the bit-lines to a voltage

difference suitable for the sense-amplifiers, during a read access. While the read

delay is the limiting one, it does not only depend on the cell but also on the size of

the array, that will determine the bit-lines capacitive load.

The total delay of the memory will be determined by the array as the time it

takes to a cell to discharge its bit-line; and by the periphery, accounting by the

time required to decode the address, activate the word-line, sense the bit-lines and

finally output the read data. The share of the delay between periphery and array

will depend on the design and the application of the memory. Most works will only

report the cell contribution to the delay, which is most subject to variability, and

harder to improve, given the high cell count. It can be seen in works that simulate

the whole memory [MZDR11] that periphery and cell delays range in the same order

of magnitude. A 50% contribution of the cell to the total delay will be considered in

this thesis for simplifications purposes. Although the absolute numbers would change

if other weights are taken, the approximation is valid for comparison purposes.

Therefore, a speed metric purely dependent on the cell is the current it can

sink from the bit-line. Given this current and the capacitance of the bit-lines, the

contribution of the cell to the read delay can be inferred. The fact that this metric

only depends on the cell will allow us to perform comparisons among different cell

designs.

The read current is measured as shown in red in Figure 2.13 as the current

through the pass-gate corresponding to the bit-line that will be discharged. The

word-line, as well as both bit-lines are set to V dd for this measurement. Even if the

current will decrease as the bit-line is discharged the small voltage difference required

by the sense amplifier [MMR05a], typically in the order of 10% of the supply voltage,

makes that the initial current can be considered a fair approximation.

Even when transistors are cut, they still drive a small leakage current which is

negligible for a single transistor, but has a big impact on energy consumption at

circuit level. Different leakage currents can be considered in an SRAM cell, two

paths draining current from the supply voltage directly to ground through each

transistor are shown in blue and green in Figure 2.13. These two currents contribute

to the static energy consumption of the cell.

In addition a third leakage current is drained from the bit-line, through the

pass-gate to the node storing a zero, as shown in red in Figure 2.13. This current is

the equivalent to the read current when the cell is not accessed, that is, with the

word-line tied to ground. This leakage current contributes too to the static energy

consumption, in addition it will slowly discharge the bit-line when left floating during

21



2. SRAMs Overview and Methodology

� ��� ���

��

Figure 2.13: Currents involved in SRAM cell operation. Leakage currents

draining from the supply voltage directly to ground, contributing to the static power

are shown in blue and green. When WL = V dd, the read current is shown in red.

When WL = 0, the current shown in red, is also a leakage current draining the

bit-line.

a read access. This may interfere with the normal discharge of the bit-line by the

accessed cell if too many cells are leaking current from the opposite bit-line, limiting

in the end the number of rows of the SRAM array.

2.3 Introduction to FinFET Technology

The planar transistor has allowed an impressive improvement of CMOS technology

in which device sizes have steadily decreased following Moore’s Law. As the feature

size is decreased down to 22nm, reliability issues have appeared, short-channel effects

have made the current driven by the transistor harder to control due to increased

leakage currents.

To address those issues, the gate length has scaled at a slower pace than the tech-

nology pitch, and transistor performance has been boosted by other means [Liu12a,

Liu12b]. Thin body structures, such as Silicon-on-Insulator (SOI) physically limit

the silicon region through which current flows allowing for a better control through

gate voltage and reducing the leakage currents. In addition doping can be eliminated

reducing the impact of random dopant fluctuations to device mismatch.
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Figure 2.14: Pull-up transistors of a NOR gate made out of FinFET devices.

Source: www.dailytech.com.

Multi-gate 3D devices enhance the control of the transistor channel by adding

supplementary gates, around the thin body. FinFET technology combines three

gates that surround a fin of silicon that stands out of the substrate as shown in

Figure 2.14, bringing better threshold voltage controllability and reduced short

channel effects [PKO+02, HLK+00].

As FinFET technology reuses a large part of conventional CMOS fabrication

processes [JCV+09], it is on the way to replace conventional planar technology for

nodes beyond 22nm and is gaining more relevance in research works [KKJ14, Wan10].

The first commercial devices are already showing up [INT, NAA+14].

2.3.1 Design Considerations for FinFET

The main design difference between planar and FinFET technology is how transistor

sizing is modified. The effective width of a FinFET, equivalent to the one of a planar

transistor is shown in equation 2.1, it considers the full gate surrounding the fin:

twice the fin height (Hfin) and the fin thickness (Tfin). These fin dimensions are

shown in Figure 2.15.

While the width of planar transistors could be set individually to a reasonably

arbitrary number, the height and thickness of the fin that determine the effective

width of the FinFET device are fixed by the technology and shared by all the devices

in the circuit. FinFET transistor sizing is thus achieved by building devices with

different number of fins, as a consequence their sizes are constrained to a reduced

set corresponding to an integer number of fins.

Given its effective width, the equivalent area of a FinFET device is calculated

following equation 2.2, where Lgate is the gate length and Nfin is the number of fins

the transistor is made of [DEDB10].
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Figure 2.15: Schematic representation of a FinFET transistor showing its

representative dimensions [TGD+13].

Weff = 2 ·Hfin + Tfin (2.1)

AreaFinFET = Lgate × (2 ·Hfin + Tfin)×Nfin (2.2)

2.3.2 Predictive Models

The continuous scaling of CMOS technologies and the reliability issues and design

complexity that nowadays and upcoming nodes are facing need to initiate circuit

simulations at early stages. Competitive circuit design and research must often

begin in parallel with CMOS technology development [CSO+00]. This way new

design paradigms and methodologies can be developed and are available when the

technology becomes commercial.

With the increasing need for mapping technology advances to circuit models,

more efforts are being applied to the development of predictive MOSFET models

that play a critical role for early stage design technology co-optimization and circuit

design research [SYC+12].

Arizona State University in collaboration with ARM has developed predictive

technology models for nodes from 20nm down to 7nm [CSO+00, ZC06, BSC07,

SYC+12]. Those models allow us to foresee the transistors behavior beyond 22nm,

where unexpected behaviors, far away from the nominal design, will ramp up due to

process variations. These models are especially helpful for those circuits that are

more sensitive to mismatch, like SRAMs [CSBM10].
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Table 2.1: Main parameters of predictive technology nodes from Arizona State

University [PTM] and expected release year according to ITRS [ITR13].

Node 20 nm 14 nm 10 nm 7 nm

Supply Voltage 0.9 V 0.8 V 0.75 V 0.7 V

Gate Length 24 nm 18 nm 14 nm 11 nm

Fin Height 28 nm 23 nm 21 nm 18 nm

Fin Thickness 15 nm 12 nm 10 nm 7 nm

Year 2013 2016 2019 2022

Those models are available in [PTM], following common multi-gate FinFET

devices, based on BSIM-CMG model cards. For each node, two different versions

are available, targeting either high performance or low stand-by power applications.

The main characteristics of those predictive technology models are summarized in

Table 2.1.

Arizona State University predictive technology models are widely used in state

of the art research works as they represent the best current approach available to

simulate FinFET devices for advanced nodes. They are intensively used in this

Ph.D. thesis as a consequence.

2.4 Device Mismatch

The continuous need for increasing processing capabilities of digital systems is

pushing the integration process to its limits. Smaller and smaller devices are being

manufactured for each new generation making it hard to keep the reliability of the

new technologies.

Different manufacturing conditions, together with variations inherent to technol-

ogy result on final devices differing from the nominal design. Traditional errors in

the masks alignments, the focusing during the lithography process, or the calibration

of the precesses deriving over time usually led to fabricated devices with different

performance. This only happened to devices of different dies or wafers, while devices

of a same chip were still almost identical. This kind of variability was addressed at

design stage using corners that combined different worst case scenarios, assuming

all the devices of the circuit were identical.

New sources of process variations are now inherent to the fabrication process,

such as the distribution of the dopants, whose final location in the diffusion cannot

be controlled. Those new variations affect differently devices of a same chip. As a

consequence traditional process corners are no longer useful to address this kind of

variability.
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Figure 2.16: Different effects of corners and mismatch combined, affecting two

arbitrary device parameters. Case (a) presents smaller corner variations compared

to mismatch, resulting on overlapped clouds, while in (b) corners present higher

variations and the clouds are clearly differentiated.

Figure 2.16 shows the different effects that corners and mismatch have in two

arbitrary device parameters. In Figure 2.16b corners have a higher effect than

mismatch, leading to differentiated clouds for the parameter distribution. On the

other hand, Figure 2.16a shows a higher effect of mismatch, resulting on overlapping

clouds.

Among the main process variations contributing to local mismatch we can consider

random dopant fluctuation, due to the inherent randomness of the implantation

process, the total number and location of the atoms within a volume of silicon

fluctuates randomly, especially as the volume decreases.In the end, the threshold

voltage of the transistor gets affected as a consequence [MOT94].

Gate patterning, especially in deep nanometer circuits where the lithography pro-

cess is being pushed to patterns smaller than the wavelength of the light used [ARA12]

induces roughness in the edges of the drawn patterns. This is known as generally

line edge roughness, and at last affects drain-source current and threshold voltage of

the manufactured transistor [TN09].

Other physical sources of variation such as oxide thickness variations, metal

or poly-silicon granularity, or mobility fluctuation also contribute to increase the

variability of the transistor electrical response.

With the reduction of device sizes on future CMOS technologies this mismatch

of device parameters is expected to increase and turn to play a major role. SRAMs,

that occupy large areas of modern-day systems-on-chip [CSBM10], are particularly
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sensitive to these variations as they rely on the symmetry of two inverters to achieve

stable points to store the data. New devices such as FinFET reduce device mismatch,

but it will remain a major design concern [BJS+08, VSL09].

2.4.1 Dependence on Device Area

The first best known study about transistor intra-die variability was made by Pelgrom

in [PDW89]. The main electrical parameters affected by mismatch were studied, and

the relationship between process mismatch and the transistor dimensions —length

and width— and distance between devices. It particularly established the link

between the area of a transistor, calculated from its width (W ) and length (L)

following equation 2.3, to the spread of an electrical parameter following equation 2.4

which is known as the Pelgrom’s rule. σP is the standard deviation of a given

electrical magnitude with mismatch, AP is a constant depending on the technology

and W and L are the physical dimensions of a planar transistor.

AREAFET = WFET · LFET (2.3)

σP
2 =

A2
P

W · L
(2.4)

Pelgrom’s rule has widely been used to describe the electrical parameters mis-

match. It is usually applied to the threshold voltage variability, through the param-

eter AV t, that links the area of the transistor channel to the standard deviation of

its threshold voltage. This parameter has become a standard metric to compare

technologies as far as mismatch is considered.

2.4.2 Effects on SRAMs

As seen, process variations affecting physical magnitudes of the manufactured

transistors affect their electrical parameters, this, as a result will affect the stability

and performance metrics of the SRAM cells made out of those transistors. Each of

the two inverters of an SRAM cell can see its transfer curve altered in a different

way, loosing their symmetry and as a consequence their ability to hold one of the

bit values. This is shown in Figure 2.17a, where the different transfer curves reduce

the effective read static noise margin.

SRAM metrics under process variations will follow a statistical distribution

moving them away from their nominal design value. Different SRAM designs can

achieve different write and read stability tradeoffs, making them more likely to fail

at write or read, as shown in Figure 2.17b.
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Figure 2.17: Effects of mismatch on the transfer curves of an SRAM cell (a).

Different implementations achieved by altering design parameters can be achieved

as shown in (b), design #1 (in blue) presents higher read stability metrics while

design #2 (red) presents enhanced write ability. The designer must achieve a

tradeoff that reduces the overall failure probability.

A fast way to compare different cells is the average of a metric divided by its

standard deviation, the higher that number, the less likely the cell to fail at that

metric. As read and write stability metrics are usually negatively correlated best

cells will be located at the point where both ratios are similar, achieving a similar

failure probability for both read and write, otherwise one of the two will dominate.

The results of the stability metrics under variability can be used to calculate the

failure probability of the cell and the resulting SRAM array yield. A cell will fail

if it presents a negative hold or read static noise margin or a negative value for a

write metric, write trip point or write SNM. Under process variations, those metrics

can be assumed to fit a correlated multi-dimensional normal distribution [PSW+10]

Thus, taking the mean, standard deviation and correlation coefficients obtained from

the Monte-Carlo simulations, the failure probability of the cell can be calculated

following equation 2.5, where write and read SNM are taken as the checked metrics.

In equation 2.5, stability metrics are compared to generic thresholds, thw and thr,

for simplicity those can be set to zero, but a percentage of the supply voltage can be

regarded as a more realistic approach, but the relative conclusions when comparing

different design approaches will remain the same.
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The failure probability of the individual cells will determine the yield of a

whole SRAM array. An SRAM array fails if one or more than one of its cells

fails, as calculated in equation 2.6, where M and N are the number of rows and

columns of cells. Yield enhancement has become one of the leading targets of SRAM

designs [MMR05b, MMR04].

P (fail, 1 cell) = P (SNMw < thw ∪ SNMr < thr) (2.5)

P (fail, array) = 1− (1− P (fail, 1 cell))N ·M (2.6)

The use of spare columns [AAB+11, PAR12] in the array to be used as a

replacement of failing cells or for error correction purposes are not considered in this

thesis. Their use would have the effect of increasing the memory yield at the cost of

a higher area. The conclusions at cell level comparing different design alternatives

would nevertheless remain the same.

Equation 2.6 shows that the SRAM failure probability has an exponential

dependence with the array size. As a consequence, small changes on the nominal

values and dispersions of the stability metrics of an individual cell will dramatically

affect the SRAM yield. Multiplying the impact of any small reliability improvement

achieved at design level.

2.5 Methodology

Most works that will be presented in the following chapters of this thesis consist

in analyzing different SRAM cell characteristics under process variations. Often

different cell designs directives are compared, such as complementary SRAM cells

compared to regular SRAM cells in Chapter 5, or negative bit-line write enhancement

compared to normal write process in Chapter 4. In order to achieve a fair comparison

of those directives, all the SRAM cells that can be designed have to be considered,

so that we are comparing those showing optimal stability and performance metrics

in both cases.

Different alternatives can be considered when designing SRAM, the first one is

the circuit used to implement the cell, such as the 6T or 8T cells already seen in this

chapter. Once the circuit has been chosen, transistors of different sizes can be used

to modify the electrical characteristics. This is achieved by altering the transistor

width or the number of fins in the case of FinFET devices, which will in the end

affect the area of the cell. The combination of cell circuit and transistor sizing is

often referred to as topology in the following chapters. The transistor gate length is
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2. SRAMs Overview and Methodology

usually a fixed value for a given technology, it is nevertheless allowed to be tuned in

some cases without altering the cell final dimensions, as is the case in the predictive

technology used in Chapter 5.

Once the cell circuit and transistor dimensions have been set, different cell

performance can still be achieved without altering the cell area, by altering the

threshold voltage of the transistors. Different dopant concentrations in the transistor

channel or different oxide thicknesses can be used to alter the threshold voltage of

the transistors [CTK+00, vDWW+92, LHH+93]. This can still be achieved in fully

depleted devices through the gate work-function [JCV+09], using different metals

for the transistor gate. Whether all the devices of a same kind —nMOS or pMOS—

will need to have their threshold voltage tuned simultaneously or not will depend

on the fabrication process. The issue of achieving different transistor threshold

voltages for SRAM and logic was addressed in [MCF+13]. Different alternatives to

achieve multiple threshold voltages in a same SRAM cell have been presented in the

literature [SH12, TK08]. For most of the experiments carried in this thesis, we will

assume threshold voltages can be individually tuned for each transistor.

As summarized in Figure 2.18, the process to find out the optimal cells given

the initial design constraints starts by the design space exploration phase (blue on

top of the figure). This step consists in simulating the nominal performance and

stability metrics of all possible cells for a given design. This allows us to discard

cells that will not match a given threshold of performance. This is represented as a

filter in the figure.

All the cells that are no discarded in the previous phase go then through the

variability simulation phase (red at bottom of Figure 2.18). Monte-Carlo simulations

are carried out to obtain the final results under the different sources of mismatch

considered, following the injectors method detailed in Chapter 3.

Optionally, the variability simulation step can be repeated, simulating the most

interesting cells according to the last results and discarding the rest. Since less cells

need to be simulated, the number of Monte-Carlo points considered can be increased,

achieving a higher accuracy.

This methodology will allow us to infer optimal SRAM cells given design con-

straints in a cost-effective time allowing to analyze the impact of different approaches

on SRAM stability and performance.
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Figure 2.18: Iterative work-flow to determine the cells presenting an optimal

tradeoff.
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Chapter 3

Accurate Modeling of Transistor
Mismatch beyond 22nm

With the reduction of device sizes and the introduction of new technologies, such as

FinFET, traditional variability sources ramp up as well as new sources appear. An

accurate modeling of this variability, that applies to many cases taking into account

technology node and device dimensions, is needed to perform meaningful simulations

to make decisions concerning future electronic circuits.

It is required that the modeling reflects at electrical level the effects that physical

variations have on the device. Moreover the accuracy improvement at device level,

when reproducing mismatch in the electrical characteristics of an individual transistor,

needs to be translated to circuit and system levels, resulting on an increased accuracy

when simulating or measuring performance, power consumption, or stability metrics

as well as the resulting yield.

In this chapter we first review the different approaches used in the literature

to model transistor mismatch ranging from those used in commercial technologies

to those applied to predictive technologies in research works. After showing that

devices belonging to the latest nodes are facing new sources of variability, we present

our method to model those new sources using injectors. The following sections

explain how to generate the data for those injectors and then applies them to SRAM

memories built using different predictive FinFET models. Finally some conclusions

are drawn.

3.1 Variability Modeling

The variability in devices is a consequence of intrinsic physical parameters mismatch.

It can be modeled by changing the parameters in the models of the devices. This

method is the most accurate one and is implemented in commercial technologies:

the parameters in the model cards of the transistors are no longer given as constants

representing the nominal device, but rather as functions of random variables char-

acterized by their statistical distributions that take into account the correlations

between the different parameters, based on silicon measurements and Technology

Computer Aided Design (TCAD) simulations.
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3. Accurate Modeling of Transistor Mismatch beyond 22nm

However, there are cases where this statistical compact model is not available or

is incomplete, this is the case of predictive technologies that represent future devices

that are not being manufactured at the present time. Usually for those technologies

only the nominal device is available and Monte Carlo simulations need to add the

variability information externally.

Occasionally, variability information can be obtained for predictive technologies

through TCAD [LC12] or 3D atomistic simulations [GAR], in this case several model

cards representing different mismatched devices are generated. However, due to the

computational cost of TCAD simulations, the number of instances generated is not

enough to build a statistical compact model and for further instances variability has

to be generated externally again.

Accurate variability simulations are thus required for predictive technologies

without statistical compact models, in order to foresee designs that would be

necessary to achieve the required reliability and testing future circuits.

When the statistical compact model is not available, mismatch has to be con-

sidered through the estimation of how the parameters of the transistor would vary.

Different parameters can be varied for that purpose.

In a first approach, a variation on the dimensions of the transistor, as width or

length, can be used as an approximation of the devices intrinsic physical parameter

mismatch that are at the source of variability [HN01]. Figures 3.1a and 3.1b show

the effects that varying the transistor dimensions has on their transfer curves.

Other parameters, such as the oxide thickness can be varied in order to model

variability. This was done by [DPEM13] to perform a full PVT analysis of 6T SRAM

cells down to the 7nm node, varying the TOXE parameter value in the model cards

of the predictive technology models. The effects of varying the oxide thickness of a

22 nm technology are shown in Figure 3.1c.

Although those methods alter physical dimensions of the transistor, that are

indeed at the source of variability, they do not accurately reflect the mismatch since

they assume uniform variations while it comes rather from the roughness of the

edges, such as gate edge roughness and line edge roughness, or fin edge roughness in

the case of FinFET devices.

In addition the link between physical dimensions mismatch and variations in

electrical performance is not straightforward, while transistor width variations appear

to only affect the drain-source current in Figure 3.1b, varying the transistor gate

length affects the threshold voltage in a different way in linear and saturation regions

in Figure 3.1a. Also the link between the magnitudes of the variations at physical

and electrical level is not direct and needs simulations to be established.

Rather than varying physical dimensions, which will result on mismatch of

the electrical characteristics of the devices, other approaches alter directly those

electrical characteristics. Threshold voltage is the most common electrical parameter
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Figure 3.1: Effects of variability modeling by varying physical dimensions of the

transistor on a 22nm planar technology. The gate length is increased and decreased

by 10% in (a), the gate width doubled and halved in (b) and the oxide thickness

increased and decreased by 10% in (c).

mismatch to be modeled, sometimes completed by the drain-source current mismatch.

This is the case of the injector-based model proposed by [Kin05], that uses external

power sources, —called injectors, surrounding the nominal transistor to build an

equivalent mismatched transistor. Threshold voltage and drain-source current were

identified as the two main electrical parameters affected by mismatch.
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(a) Equivalent Circuit
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(b) Transfer Curves Transformation

Figure 3.2: Circuit used to model threshold voltage variability (a) and transfor-

mation achieved in the equivalent transistor transfer curves (b), when increasing

and decreasing the threshold voltage by 100mV.

The injectors method models the threshold voltage of the transistor by adding

a constant voltage source in series at the gate. The voltage value is equal to the

difference between the threshold voltage of the nominal device and the threshold

voltage of the mismatched transistor. A circuit that incorporates that threshold

voltage injector and its effects in the transfer curve of the transistor are shown in

Figure 3.2.

The drain-source current of the transistor is usually modeled by adding a depen-

dent current source in parallel to the drain and source of the nominal transistor. The

value of the current is a factor ∆β of the nominal transistor drain-source current

(Ids). As a result, the mismatched equivalent transistor drives a drain-source current

(Ids′) as shown in equation 3.1. A circuit that incorporates the drain-source current

injector and its effects on the transfer curve of the transistor are shown in Figure 3.3.

Ids′ = (1 + ∆β) · Ids (3.1)
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(b) Transfer Curves Transformation

Figure 3.3: Circuit used to model drain-source current variability (a) and

transformation achieved in the equivalent transistor transfer curves (b), when

increasing and decreasing the current by 100% and 50% respectively. A correction

to the threshold voltage is applied so that it remains unchanged as the drain-source

current varies.

Injectors present some advantages with respect to mismatch modeling by varying

physical dimensions. As stated, since they vary the electrical magnitudes it is

easier to target a particular mismatched transistor, without needing to take into

account the different relationships between physical dimensions and those magnitudes.

Those magnitudes can effectively be obtained by silicon measures, and are easier

to understand by electrical engineers, as well as to link to circuits and system

performance.

Notably, the voltage source that models threshold voltage is directly linked to

the coefficient AV t, which is representative of the mismatch magnitude of a given

technology [PDW89]. This coefficient, introduced in Chapter 2, links the areas of the

devices to the spread of their threshold voltage mismatches. It is usually reported

in research works.
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Process variation modeling using injectors has been widely used in the literature.

[RJSM12] modeled the variability using the threshold voltage injector to evaluate

stability of 9T SRAM cells in a 32nm predictive technology node. Also threshold

voltage variations were considered in [ARA08] to analyze the resulting delay vari-

ability of logic circuits and derive an analytical model. Both threshold voltage and

drain-source current injectors were used in [ZMB+11] to compare different technolo-

gies in order to maximize SRAM yield. In [VC08], the two-injector variability model

was used during the design of an 8T sub-threshold SRAM memory. [DZM+12] uses

the two-injector model to compare intra-die mismatch against fin height inter-die

variations.

In this thesis we have increased the accuracy of the injectors method when

dealing with technologies below the 22 nm node. In particular, two new injectors are

proposed to model sub-threshold slope and drain induced barrier lowering mismatch.

3.2 Sub-Threshold Slope and Drain Induced Bar-

rier Lowering Mismatch Modeling with Injec-

tors

The two-injector model introduced by [Kin05] and explained in the previous section

has shown reasonable accuracy for planar transistors down to the 45nm node.

Unfortunately, modeling only threshold voltage and drain-source current is becoming

inaccurate as the size of devices shrinks and new devices such as FinFET are

introduced.

Short channel effects together with quantum effects contribute to increase the

threshold voltage mismatch above the factor explained by the only reduction of

the area of the transistor as reported in [DLG03]. Not only traditional sources of

mismatch ramp up, but also new sources appear.

It is shown in [MCM+10] that as the channel length of FinFET transistors falls

below a given threshold, the variability in the sub-threshold slope ramps up and

cannot be ignored when modeling transistor mismatch. The transfer curves of the

transistor in the sub-threshold region, diverge rather than being parallel, which

increases the leakage variability as a consequence.

DIBL (Drain Induced Barrier Lowering) is a short channel effect that results on

a reduction of the threshold voltage of the transistor when the drain-source voltage

is increased. This effect is considered in the nominal transistor model and thus will

be present in the mismatched transistor using it as a reference. However this effect is

also subject to variability due to the combined effects of fin edge roughness and gate
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edge roughness in FinFET devices [CBWA12]. The resulting additional mismatch

in the threshold voltage due to DIBL variability becomes comparable to the original

threshold voltage mismatch and thus both sources need to be considered separately.

In this chapter we propose two new injectors in order to model sub-threshold

slope and DIBL variability in addition to the threshold voltage and drain-source

current injectors originally proposed by [Kin05].

3.2.1 Proposed Injector to Model Sub-Threshold Slope Mis-

match

When operating with gate voltages below the threshold voltage, the drain to source

current of the transistor follows equation 3.2, where Ids, 0 is the drain-source current

when gate voltage (V gs) is equal to the threshold voltage (V th), VT is the thermal

voltage and Cd and Cox are the depletion and oxide layer capacitances, respectively.

Ids = Ids, 0 · exp

(
V gs− V th

(1 + Cd
Cox

) · VT

)
(3.2)

The equation shows that a change in the gate voltage translates into a proportional

change in the logarithm of the driven current, as can be seen in equation 3.3, where

S is the proportionality factor that we call sub-threshold slope, also noted SSL. It

is expressed in volts per decade, which means that a smaller value corresponds to a

sharper slope.

log(Ids) = C +
V gs− V th

S
(3.3)

S =
(1 + Cd

Cox
) · VT

log(e)

C = log(Ids, 0)

The sub-threshold slope can be modeled by scaling the V gs voltage that drives

the gate of the transistor by a factor 1−∆SSL using a voltage source dependent

on the gate voltage at the input of the transistor we want to model, as shown in

Figure 3.4a. Instead of a V gs · (1−∆SSL) voltage generator placed between the

gate and the source of the nominal device, a V gs ·∆SSL voltage generator in series

with the gate is preferred, while the voltages involved remain the same, with the

latter method even if the gate capacitance at the input of the transistor can be

affected, it is not totally hidden as in the first method.

A negative value of ∆SSL has the effect of shrinking the transfer curve and as a

consequence decreasing the sub-threshold slope while a positive value would stretch

the curve increasing the slope as shown in Figure 3.4b.
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Figure 3.4: Circuit used to model sub-threshold slope variability (a) and trans-

formation achieved in the equivalent transistor transfer curves (b), when increasing

and decreasing the slope by 150mV/decade. A correction to the threshold voltage is

applied so that it remains unchanged as the slope is altered.

3.2.2 Proposed Injector to Model Drain Induced Barrier

Lowering Mismatch

As DIBL corresponds to a threshold voltage shift dependent on the drain-source

voltage, it can be modeled in a similar way as the threshold voltage variability. We

propose thus to model DIBL by adding a voltage source in series at the gate of

the transistor whose voltage value is now a function of the drain-source voltage, as

shown in equation 3.4, where ∆V th,DIBL is the value of the voltage generator,

∆DIBL is the difference between the DIBL of the mismatched transistor and the

nominal one and V dd is the supply voltage taken as a reference for the measures.

∆V th,DIBL = ∆DIBL · (V dd− V ds) (3.4)

Figure 3.5a shows the circuit used to model DIBL mismatch with an injector.

The resulting effects on the transfer curve are shown in Figure 3.5b, as for the

threshold voltage injector, the curve is shifted horizontally, but the shift now is
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(b) Transfer Curves Transformation

Figure 3.5: Circuit used to model DIBL variability (a) and transformation

achieved in the equivalent transistor transfer curves (b), when increasing and

decreasing the DIBL by 150mV/V.

different for different drain-source voltages. In particular, in saturation the threshold

voltage remains unchanged as no variability has been considered for that parameter,

meanwhile the threshold voltage in the linear region changes due to the DIBL

variability.

3.2.3 Spectre Equivalent Transistor Including the Four In-

jectors

The sub-circuit used in Spectre simulator as an equivalent nMOS transistor with

mismatch is shown in Figure 3.6. It includes the four injectors as well as the

corrections needed to keep the other parameters unchanged when one parameter is

altered individually. An equivalent circuit is used for pMOS transistors.

In the sub-circuit, dvthn is used to model the threshold voltage, dbetan for

the drain-source current, dssln for the sub-threshold slope and ddibln for DIBL.

In addition biasVth can be used to alter the nominal threshold voltage of the

transistor.
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subckt mismatched_nmos (d g s b)

parameters dvthn=0 dbetan=0 dssln=0 ddibln=0 biasVth=0

V0 (d d1) vsource dc=0

I1 (d s) cccs gain=dbetan probe=V0 port=0

V1 (g1 g) bsource v=( \

dssln*( V(g) - min( V(d) , V(s) ) ) \

- dssln*( nom_vthn - nom_dibln*( nom_vdd - abs( V(d,s) ))) \

- (nom_ssln/(dssln+1))*log10(dbetan+1) \

- ((dvthn+biasVth)/(1-dssln)) \

+ ddibln*(( nom_vdd - abs( V(d,s) ) )/(1-dssln)) )

M2 (d1 g1 s b) nmos l=pl w=pw

ends mismatched_nmos

Figure 3.6: Spectre sub-circuit including four injectors to model the variability.

3.2.4 New Injectors Validation

This section aims to prove that the new injectors proposed previously bring a better

modeling of transistor mismatch for devices beyond the 22nm node. In particular

those new injectors have to prove that they can accurately model sub-threshold

slope and DIBL mismatch and are compatible with the original threshold voltage

and drain-source injectors and that the modeling of those two original metrics is not

altered.

After those new injectors prove that they can accurately replicate transistor

mismatch, we want to prove that this translates into an increase in the accuracy

of the figures of merit of CMOS gates and then to system level. SRAMs are the

circuits on which mismatch has a higher impact due to the huge area restrictions

and their particular arrangement where all the cells are in the critical path. Thus,

SRAM cells have been selected as a benchmark circuit to test the proposed injectors.

Comparison on stability, performance and energy consumption of a cell will be

performed, as well as the yield of a whole SRAM array.

Reference Model

In order to check the accuracy improvement when modeling the sub-threshold slope

and DIBL mismatches in addition to only modeling threshold voltage and drain

current mismatches, we compare the results of those two approaches against the

results of a statistical compact model provided by the Device Modeling Group of

the University of Glasgow [CBWA12].

The models provided consist of 1000 nMOS and 1000 pMOS FinFET devices

corresponding to the 11nm technology node obtained with the atomistic simulator

Garand [CRA07, GAR].
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Figure 3.7: Structure of the FinFET device provided by the Device Modeling

Group of the University of Glasgow (a), and transfer curves obtained under the

sources of variability considered (b).

Table 3.1: Structural and electrical parameters for the reference nMOS FinFET

device.

ITRS TCAD

Lg [nm] 9.7 10

EOT [nm] 0.57 0.585

Hfin [nm] - 12.5

Wfin [nm] 4.8 5

Ids,sat [A/m] 2.0 1.9

Ioff [nA/µm] 100 71

SS [mV/dec] - 71

DIBL [mV/V] - 53

The device design follows the ITRS guideline [ITR13] for high performance

multi-gate technology at 11nm technology node. Figure 3.7a shows a schematic

picture of the FinFET structure, demonstrating its intrinsic 3D nature. The devices

feature a high-κ dielectric stack with 0.585nm EOT and metal gates. Dual metal,

gate-last process is assumed, in order to eliminate metal gate granularity and the

associated work function variability.

The basic geometrical and electrical parameters of this nMOS FinFET are

summarized in Table 3.1 in comparison with those specified in the ITRS for this

technology.
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3. Accurate Modeling of Transistor Mismatch beyond 22nm

The sources of variability considered are random discrete dopants (RDD), gate

edge roughness (GER) and fin edge roughness (FER). The 3σ of the line edge

roughness for both GER and FER are 2nm, and the correlation lengths are 30nm.

An ensemble of 1000 microscopically different devices is simulated. Figure 3.7b

presents the transfer curves of the 10nm gate length nMOS FinFET devices under

the combined influence of the mentioned statistical variability sources.

Due to the FER induced quantum confinement variation, FinFET devices suffer

from relatively large sub-threshold slope variation, as demonstrated in Figure 3.7b.

The combined effects of FER and GER also introduce large variation at device DIBL

performance. This makes those devices particularly suitable to check the validity of

the two proposed injectors.

Benchmarking

We have calibrated our models to reflect the same device mismatch as the reference

models described above, using either two injectors —threshold voltage and drain-

source current— or three injectors —additionally including either the sub-threshold

slope or the DIBL injector— and finally four injectors —including both sub-threshold

slope and DIBL injectors in addition to threshold voltage and drain-source current

usual injectors.

The injectors used for this benchmark are generated to replicate exactly the

mismatch shown by the reference models. That means that for each transistor

with mismatch there will be a given set of injectors that are expected to build an

equivalent transistor matching the reference one. Therefore, not only the statistical

parameters of the results obtained such as mean and standard deviation can be

compared, but the comparison can be done device by device.

This method would not be suitable for a normal use of the injectors, that would

require to be generated randomly to be applicable to any device and allow any

number of sets to be generated. This will be treated in section 3.3. The method

used in this experiment is suitable nonetheless to validate the ability of our injectors

to replicate the desirable mismatch and for our benchmarking purpose.

Transistors of the statistical model and their corresponding equivalent transis-

tors obtained with the different sets of injectors have gone through Spectre [SPE]

simulations. Figures of merit from the transfer curves of the transistors have been

first measured, then 6T SRAM cells have been built and speed performance, energy

consumption and stability metrics were measured. Finally the stability metrics were

used to estimate the yield that a full SRAM array would have.

For each parameter measured, the results obtained with the statistical model

and the different sets of injectors are compared and reported in the next section.
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3.2. Sub-Threshold Slope and DIBL Mismatch Modeling with Injectors

(a) nMOS (b) pMOS

Figure 3.8: Sub-threshold slope vs. threshold voltage and DIBL vs. drain-source

current figures of merit, using two and four injectors, compared to the reference

model, for nMOS (a) and pMOS (b) transistors.

Injectors Validation Results

Transistor Figures of Merit Comparison How accurately the new injectors

reflect transistor characteristics is shown in Figure 3.8. Transistors modeled using

four injectors match the sub-threshold slope and DIBL figures of merit of the

statistical model reference. However, when using two injectors the simulations only

match threshold voltage and drain-source current, throwing constant values for the

other parameters.

In this experiment, transistor metrics have not only been matched at statistical

level, replicating the cloud shapes, but comparing devices individually. Figure 3.9

shows the errors committed, in the transistor figures of metric when they are

modeled with two or four injectors, performing a one-to-one comparison against the

model. Errors in the DIBL and sub-threshold slope metrics are heavily reduced, as

summarized by the mean square errors reduction shown in Table 3.2.
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3. Accurate Modeling of Transistor Mismatch beyond 22nm

(a) nMOS (b) pMOS

Figure 3.9: Errors in the simulations of the sub-threshold slope vs. threshold

voltage and DIBL vs. drain-source current figures of merit, using two and four

injectors, compared to the reference model, for nMOS (a) and pMOS (b) transistors.

Table 3.2: Reduction of the mean square error when modeling transistors figures

of merit using four injectors instead of two.

√
MSE2inj/MSE4inj

Metric nMOS pMOS

Threshold voltage 3.7 4.8

Sub-threshold slope 31 130

Drain-source current 7.3 30

Drain induced barrier lowering 19 47

SRAM Figures of Merit Comparison 1000 6T-SRAM cells with one fin per

transistor have been simulated, reporting read and write static noise margins [SLL87],

write trip point [AN06], read current and leakage current. The reduction of mean

square error when simulating those metrics with four injectors instead of only two is

reported in Table 3.3.
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3.2. Sub-Threshold Slope and DIBL Mismatch Modeling with Injectors

Table 3.3: Reduction of the mean square error when modeling SRAM cell metrics

using four injectors instead of two.

Metric
√
MSE2inj/MSE4inj

Read Static Noise Margin 4.60

Write Trip Point 1.49

Leakage Current (log) 7.55

Read Current 1.81

(a) Iread vs. Ileak (b) WTP vs. SNM

Figure 3.10: Errors in an SRAM cell figures of merit: read vs. leakage cur-

rents (a), and read static noise margin vs. write trip point (b), comparing four and

two injectors variability modeling.

Figure 3.10a shows the error in the estimation of the read and leakage currents

using two and four injectors, compared to the results of the statistical compact

model. The difference between the logarithm of the leakage current using injectors

and the model results are plotted in the x-axis, while the same is done for the read

current in the y-axis. Using four injectors —blue round markers— results on both a

smaller systematic error and a smaller spread of the errors compared to using two

injectors —red crosses.

The same procedure with similar conclusions are obtained for stability metrics

shown in Figure 3.10b. Read static noise margin presents both a smaller systematic

error and smaller spreads, write trip point systematic error is lower with only two

injectors —which can also be seen in Figure 3.11a— but four injectors throw a much

lower spread, in the end the absolute value of the errors is lower with four injectors,

as was shown in Table 3.3.
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(b) Error on standard deviation estimation

Figure 3.11: Percent error compared to the reference model when simulating the

mean values (a) and the standard deviations (b) of the main SRAM cell metrics,

using two and four injectors variability modeling approaches.

The statistical results of those figures of merit are reported in Figure 3.11 showing

the error when estimating the mean and the standard deviations of the simulated

metrics. The results show that when using only two injectors the error on the

averages of the metrics is high but still stays below 10%, however for the standard

deviations of the metrics the error becomes unacceptable, at least 10% in all the

metrics and more than 30% for the main stability metrics.

Adding either a sub-threshold slope or a DIBL injector improves the accuracy

in all the metrics. The slope injector presents better results for leakage and read

currents while the DIBL injector improves the accuracy of static noise margins

and write trip point. The best results are obtained when using both DIBL and

sub-threshold slope injectors, reducing the errors as low as to 2% in the worst case

for standard deviations.

SRAM Yield Comparison From read and write stability metrics, the SRAM

yield can be inferred for a particular array size. The array will fail if one or more

than one cell fails during either write or read, which corresponds to a negative

value of those metrics. The failure probability can be estimated from the mean and

standard deviation of read and write stability metrics and their correlation, assuming

they match a normal distribution [PSW+10]. From the cell failure probability, the

SRAM array yield is calculated as introduced in Chapter 2.
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Figure 3.12: Yield of a 32Kbit memory array, estimated using two and four-

injector variability modeling approaches, compared to the statistical compact model

results.

We have computed the yield of a 32Kbit memory array, as the supply voltage

was reduced, the results comparing two or four-injector modeling to what is obtained

using the statistical compact model is shown in Figure 3.12, where it can be seen

that the four-injector approach presents a better approximation to the reference

curve for the full range of supply voltages considered.

The minimum supply voltage of the memory, defined as the supply voltage below

which the SRAM will not throw a reasonable yield anymore, would be estimated

with much more accuracy using the statistical results obtained with four-injector

simulations.

Effects of Temperature Temperature plays a key role when dealing with vari-

ations, increasing the leakage current and altering the behavior of the transistor

in the sub-threshold region. Thus, temperature cannot be ignored when modeling

variability.

The experiments have consisted in replicating the same variability present in

the model cards of the mismatched transistor using only circuit level injectors and

the nominal model of the transistor. Although this has been done at the nominal

temperature the same procedure could be repeated for any other temperature. New

injector sets intended to model variability at that particular temperature will be

able to accurately model new sub-threshold slope and DIBL mismatches.

However, this would not be practical if different injectors sets are required for each

temperature. The yield experiment has been repeated while varying the temperature

using the original sets of injectors calculated for the nominal temperature. The

results shown in Figure 3.13 prove that the accuracy of both two and four injector
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Figure 3.13: Yield of a 32Kbit memory array, estimated using two and four-

injector variability modeling approaches, as the temperature increases.

Figure 3.14: Reduction of the mean square error when modeling SRAM cell

read and leakage currents using four injectors instead of two as the temperature is

increased.

approaches is not affected by the temperature. The figures show a degradation of the

SRAM reliability as the temperature in increased, but the errors in the estimation

remain almost constant.

As far as performance metrics are regarded the evolution of the mean square

error improvement with the temperature is shown in Figure 3.14. The precision gain

in the read current remains almost flat, while the leakage current is degraded but it

still represents a reduction of the error by more than 10 times for 67 ◦C.
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3.3. Random Generation of the Proposed Injectors

Computational Cost The four-injector method increases the time required to

simulate 6T SRAM cells stability and performance metrics by 27% compared to the

statistical compact model.

The increase of the simulation time when two injectors are used is 23%. In the

end the four-injector approach only has a computational cost of 3.5% compared to

using only two injectors.

3.3 Random Generation of the Proposed Injec-

tors

The random generation of the injectors is important so that they can be applied

to different technologies and nodes that do not have a statistical compact model,

otherwise their use would be very limited. Until now the injectors were selected to

exactly match the same variability than the statistical compact model, which is valid

to check the ability of the injectors to replicate the required mismatch parameters,

but has no practical applications since the statistical compact model would always

be preferred.

In this section we first propose and validate a method to randomly generate the

two new injectors. Then, we explain how the generated injectors can be scaled to

match different spreads of the mismatch magnitudes depending on the technology

and the transistor sizing.

3.3.1 Validation of Injectors Generation

The validation of the random generation of the new injectors is carried out by

performing the same experiments done in the previous section at transistor, SRAM

cell, and SRAM array level. We compare, for each case, the results obtained with

the statistical compact model against those obtained with injectors matching the

model and finally against randomly generated injectors.

Generation

Different correlations are taken into account to generate the injectors. The drain-

source current, threshold voltage and logarithm of the leakage current of the transistor

are approached by linearly correlated normal distributions. Random injectors can

thus be generated with a statistical software suite [MAT] from the covariance matrix

of those three parameters.

Once random values are generated for the threshold voltage and the leakage

current, the sub-threshold slope parameters can be calculated following equation 3.3.

Finally the DIBL parameter is linearly correlated to the sub-threshold slope while
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3. Accurate Modeling of Transistor Mismatch beyond 22nm

(a) nMOS (b) pMOS

Figure 3.15: Sub-threshold slope vs. threshold voltage and DIBL vs. drain-source

current figures of merit, comparing the clouds obtained with random injectors and

those aimed to match the statistical compact model, for nMOS (a) and pMOS (b)

transistors.

it remains independent from the other two injectors considered. DIBL injector

parameters can thus be generated from the sub-threshold slope value adding an

orthogonal normal distribution to match the original correlation.

Figure 3.15 shows the threshold voltage variation versus sub-threshold slope

injectors and drain-source current gain versus DIBL injectors of both the 1000

injectors generated to match one-by-one the model cards, and 10 000 injectors

randomly generated using the previously described correlations. A good match

between the clouds of the randomly generated injectors and the ones fitting the

compact models can be observed.

Validation

In order to confirm the apparent good matching between the random injectors and

those specifically matching the model, 6T SRAM cells have been designed and

simulated under variability using the two different sets of four injectors. From the
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Figure 3.16: Yield of a 32Kbit memory array, comparing the results using ran-

domly generated injectors and injectors specifically matching the reference models.

stability metrics simulated, the yield of an SRAM array is calculated and shown in

Figure 3.16. The good matching already confirmed of four injectors to the reference

model can be seen, in addition it shows a perfect match between randomly generated

injectors and the ones matching the reference models.

This proves that the good matching between the injector distributions shown in

Figure 3.15 translates into an accurate modeling of gate level figures of merit and

finally to high level circuit metrics such as SRAM yield or minimum supply voltage

in this case.

3.3.2 Injectors Scaling

Although correlations used in the previous section to generate injectors would be

dependent on the technology and can vary with the fabrication process [ISA+14,

SIC+14, IAS+14, IGLAK12], they can be used as an estimation to apply variability

to technologies lacking of that information.

Although the correlations are kept constant, the spreads need to be scaled accord-

ing to the device areas following Pelgrom’s rule [PDW89], as shown in equation 3.5.

In the case of FinFET devices, the equivalent area of equation 3.6 is used as ex-

plained in Chapter 2. Even if this rule has been usually applied to the threshold

voltage mismatch it is in fact a generic formula that can be applied to different

metrics [KMH12].

σMetric =
AMetric√
Area

(3.5)

Area = Lgate · (2 ·Hfin + Tfin) ·Nfin (3.6)
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3. Accurate Modeling of Transistor Mismatch beyond 22nm

Table 3.4: FinFET dimensions and nominal supply voltage of the Arizona

University Predictive Technology Models [PTM] used in this work.

Node 20 nm 14 nm 10 nm 7 nm

Supply Voltage 0.9 V 0.8 V 0.75 V 0.7 V

Gate Length 24 nm 18 nm 14 nm 11 nm

Fin Height 28 nm 23 nm 21 nm 18 nm

Fin Width 15 nm 12 nm 10 nm 7 nm

In the following section, in addition to scaling the mismatch magnitudes de-

pending on the areas of the devices, we scale them to achieve mismatch figures

comparable to those reported in the literature. The threshold voltage mismatch is

scaled to present a coefficient AV t of 1 mV µm which is a value to which current

technologies are converging [ZWW+14, WFA+08]. The other AMetric coefficients for

drain-source gain, DIBL and log(Ioff ) mismatches are scaled by the same factor as

the threshold voltage, so that their relative magnitudes and correlations are kept

constant.

3.4 Applications of New Injectors

It has been proven that our DIBL and sub-threshold slope injectors can accurately

model those new sources of variability that become relevant in sub-22nm technology

nodes. In addition we are able to randomly generate our own injectors based on

technology and transistor sizing, assuming that the spreads of the mismatched

metrics will scale following Pelgrom’s rule [PDW89].

We apply in the present section the new proposed injectors, in addition to the

usual threshold voltage and drain-source current injectors to simulate FinFET SRAM

cells under variability using the predictive technology models from Arizona State

University [PTM] from 20nm down to 7nm technology nodes whose key parameters

are summarized in Table 3.4. We compare our results to those that would have been

obtained with an inaccurate two-injector modeling approach.

The 16Kbit-sized high-speed memories designed in this work follow the Inter-

national Technology Road-map for Semiconductors directives [ITR13]. The ITRS

SRAM performance targets corresponding to each node of the predictive technology

are summarized in Table 3.5.

Given the sizes of the memory and the size of the cells (140F 2), where F is the

half pitch shown in Table 3.5. And given the capacitance of the metal lines (CM1)

according to ITRS in Table 3.5 and assuming the array is designed to have a square
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Table 3.5: ITRS targets for SRAMs corresponding to the technology nodes

considered in this work. The half pitch (F ) is a generic distance determining the

area scaling of the technology. Delay and leakage targets are reported for both high

speed (HS) and high density (HD) memories.

Node 20 nm 14 nm 10 nm 7 nm

Year 2013 2016 2019 2022

F - half pitch 35 nm 25 nm 18 nm 13 nm

6T Cell Area 140F2

Delay (HD) 0.80 ns 0.50 ns 0.30 ns 0.30 ns

Delay (HS) 0.15 ns 0.10 ns 0.07 ns 0.07 ns

Leak. Power (HD) 1.5 nW/ cell 2 nW/ cell 2.5 nW/ cell 3 nW/ cell

Leak. Power (HS) 1 µW/ cell 2 µW/ cell 3 µW/ cell 5 µW/ cell

M1 Capacitance 1.9 pF/cm 1.9 pF/cm 1.8 pF/cm 1.6 pF/cm

aspect ratio, we can calculate the bit-line capacitance in equation 3.7. This bit-line

capacitance is one of the main sources of delay and dynamic power consumption in

SRAMs.

Cbl =
√

140F 2 ·Ncells · CM1 (3.7)

The limiting delay in SRAMs happens during read operations, that consist in a

small cell discharging a large bit-line capacitance in opposition to a write operation,

where the bit-line is discharged by the periphery, less subject to variability and able

to manage higher currents.

Considering that the sense amplifiers would be designed to require a voltage

difference of 10% of the supply voltage the delay due to the cells discharging the

bit-line is calculated in equation 3.8, where Iread is the read current of the SRAM

cell. In other words, assuming that cells account for half of the read delay —the

other half is due to the periphery as introduced in Chapter 2, the read current that

the cells will be required to drive is shown in equation 3.10, where TITRS is the delay

requirement set by the ITRS road-map for each node.

Tcell =
V sa · Cbl

Iread
(3.8)

Tcell =
TITRS

2
(3.9)

Iread =
V sa · Cbl

TITRS/2
(3.10)

Finally, the static power is computed from the leakage current of the cells and

the nominal supply voltage of the technology as in equation 3.11.
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Pstatic = V dd · Ileakage (3.11)

In addition to Iread and Ileakage performance metrics that will determine the

speed and static power consumption of the cell, read and write static noise margins

introduced in Chapter 2 are simulated. Cells are required to present positive values

of both metrics so that they ensure read stability and write ability.

3.4.1 Experiment Description

Different SRAM cells are designed and simulated under variability to measure the

stability and performance metrics reported. The variability is modeled using both

two and four-injector approaches.

In order to optimize the performance and stability tradeoff of the cells different

design parameters are considered. The number of fins of the transistors are changed

achieving different combinations that we call topologies. 111, 112 and 123 topologies

are retained, where the numbers represent the number of fins of the pull-up, the pass-

gate and the pull-down transistors respectively. In addition, the nominal threshold

voltage of the transistors is allowed to be tuned, this is still possible in FinFET

technology despite a fully-depleted channel, using the gate work function [JCV+09].

Nominal threshold voltage is modeled in the same way as threshold voltage mismatch

using a constant value instead.

Following the methodology introduced in Chapter 2 the nominal metrics of all the

possible cells obtained with the different design parameters allowed were simulated.

Cells whose nominal metrics did not meet the stability and performance thresholds

were discarded. Remaining cells were simulated under mismatch, presenting the

results in the following sections.

3.4.2 Stability Results

Cells have been filtered so that they meet performance targets, the stability results

of the remaining cells are shown in this section.

The cells presenting an optimal read and write stability tradeoff are shown

in Figure 3.17 for nodes from 20nm down to 7nm and for the three topologies

considered. Variability is considered through the quotients that are plotted that

include both mean and standard deviations of the results. Each point represents

one of the different cells obtained by tuning the threshold voltage of the transistors,

a line joins the optimal cells while the others are not represented, fronts for two and

four injectors are shown. Those results were obtained for a high density memory,

but the same conclusions are drawn for the high speed case.
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t111 - 2 injectors t112 - 2 injectors t123 - 2 injectors
t111 - 4 injectors t112 - 4 injectors t123 - 4 injectors

(a) 20nm (b) 14nm

(c) 10nm (d) 7nm

Figure 3.17: Read and write static noise margins, expressed as mean divided by

standard deviation. The three different topologies considered, built with the four

technology nodes, are presented.

As expected given the size of the cells, 123 presents better figures than 112 and

than 111. This is due to their larger area, thanks to the higher number of fins as

explained in Chapter 2, that reduces their mismatch.

In addition we can see that using two-injector method to model variability

systematically underestimates the reliability of the cells by at least 20%, this has

been calculated as the shortest distance between the curves shown in Figure 3.17

and with respect to four-injector results. The detailed results for all the nodes and

topologies are shown in Table 3.6.

The two injectors variability modeling approach would lead to wrong conclusions

regarding 6T SRAMs viability. If for example we ask cells to have read and write

stability metrics above six sigmas so that they throw a reasonable yield, no cells

will achieve this in the 7nm node and only the 123 topology will meet constraints in
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Table 3.6: Detailed underestimation using two-injector method of stability metrics

shown in Figure 3.17 for each technology node and cell topology.

aaaaaaaaaaa

Fin

Topology

Technology

Node 20 nm 14 nm 10 nm 7 nm

111 −23.5 % −26.1 % −27.6 % −21.5 %

112 −25.3 % −26.1 % −23.1 % −22.2 %

123 −19.6 % −29.5 % −27.9 % −24.1 %

the 10nm node. A more accurate four-injector approach shows that all topologies

are able to achieve six-sigma metrics in the 20 and 14nm nodes, 123 and 112 can

make it for 10nm, and it is still conceivable in the 7nm node using the 123 topology.

3.4.3 Performance Results

Performance results are shown in Figure 3.18 as the optimal tradeoff between read

current —accounting for speed— and leakage current —accounting for static energy

consumption. As for stabilities, the optimal fronts of the different cells obtained

by tuning the threshold voltages are plotted for each topology and each technology

node, showing the different results obtained using two and four injectors variability

modeling approaches.

The mean value of the read current minus three standard deviations is used as the

speed metric to account for variability, since the slowest cell will limit the memory

speed. The mean of the leakage current is taken as the static energy consumption

metrics with variability, while some cells consume more and other less, the overall

array consumption is the meaningful parameter.

The plots show that both read and leakage currents are underestimated when only

two injectors are used, as a consequence, two-injector model is pessimistic estimating

the speed of a memory but optimistic to estimate its static energy consumption,

compared to the more accurate four-injector method.

The discrepancy in the read current is mainly due to a higher spread: the standard

deviation of the read current is overestimated by 12 to 20% while differences in the

mean value are negligible. This leads to a too pessimistic worst case estimation of

the read current seen in Figure 3.18. The detailed results for speed are shown in

Table 3.7.

The additional modeling of sub-threshold slope variability when a four-injector

approach is used increases the spread of the leakage current of the transistors and

as a consequence, of the SRAM cells. This finally results in an increased mean

58



3.4. Applications of New Injectors

t111 - 2 injectors t112 - 2 injectors t123 - 2 injectors
t111 - 4 injectors t112 - 4 injectors t123 - 4 injectors

(a) 20nm (b) 14nm

(c) 10nm (d) 7nm

Figure 3.18: Speed vs. mean leakage current, for the three different topologies

and four technology nodes considered.

Table 3.7: Detailed underestimation using two-injector method of the speed metric

shown in Figure 3.18 (vertical axis) for each technology node and cell topology.

�����������

Fin

Topology

Technology

Node 20 nm 14 nm 10 nm 7nm

111 −4.3% −6.6% −6.4% −7.7%

112 −4.9% −6.9% −6.6% −7.3%

123 −3.7% −4.6% −5.0% −5.8%

value of the leakage current for the memory due to the log-normal distribution that

this metric follows as can be deduced from equation 3.12, making the two-injector

method to underestimate the leakage by 15 to 70% as detailed in Table 3.8.

µlog−normal = exp

(
µnormal +

σ2
normal

2

)
(3.12)
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Table 3.8: Detailed underestimation using two-injectors method of the mean

leakage current shown in Figure 3.18 (horizontal axis) for each technology node

and cell topology.

aaaaaaaaaaa

Fin

Topology

Technology

Node 20 nm 14 nm 10 nm 7 nm

111 −24.2 % −37.5 % −48.9 % −69.5 %

112 −24.2 % −37.5 % −48.9 % −69.5 %

123 −15.0 % −22.8 % −29.3 % −41.2 %

3.5 Conclusions

In this chapter we have proposed two new injectors to model variability at circuit

level. Using dependent voltage sources, we can now recreate DIBL and sub-threshold

slope mismatches. These two injectors complement the classical threshold voltage

and drain-source current injectors and allow for a better modeling of the transfer

curves of mismatched transistors. Using four injectors only increases the simulation

time by 3.5% compared to using only two injectors.

The better accuracy achieved for the transistors figures, especially in the sub-

threshold region, translates to a better accuracy when simulating the main stability

and performance metrics of SRAM cells. The error in the standard deviations of

those metrics is notably reduced from 30% to 2% when using the proposed four-

injector approach. This finally results in an improved estimation of system level

metrics such as the memory yield or the minimum supply voltage. Despite modeling

the sub-threshold region of the transistor response, that has a strong dependence

on temperature, the accuracy of the proposed injectors is not degraded as the

temperature increases. Furthermore, the computational overhead required to using

four injectors instead of two is only 3.5%. The abstraction of the physical structure

of the transistor of circuit-level injectors, focusing on the electrical response, does

not limit them to planar or FinFET technologies. Future devices that behave as

transistors could also benefit from injectors variability modeling method.

In addition to being able to replicate the same mismatch figures than the

statistical model, we are able to randomly generate the injectors according to their

correlations. We have shown that randomly generated injectors match the results

of the statistical compact model with a good confidence. This allows us to apply

the four-injector modeling method to transistors of different sizes, and to predictive

technology models that do not have a proper statistical compact model.
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We thus apply the four injectors to Monte-Carlo simulations of SRAM cells

implementing three different topologies with the FinFET predictive technology of

Arizona State University from node 20nm down to 7nm.

We show that if only two injectors are used, stability metrics are systematically

underestimated by at least 20%, leading to wrong conclusions regarding the viability

of 6T cells due to an overestimation of the stability metric spreads. Those cells

can indeed achieve six sigmas stability figures down to the 7nm node for some of

the topologies when variability is modeled using the more accurate four-injector

approach.

In the same way cell speed performance is underestimated by the two injectors

approach between 3.7% and 7.7% while average leakage current is underestimated

due to the higher spreads in the currents in the sub-threshold region that are better

modeled when sub-threshold slope and DIBL injectors are used.
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Chapter 4

Low Power SRAMs Using Write-assist
Techniques

As the supply voltage of the electronic circuits decreases with successive nodes, the

share of static power increases, and this becomes a major issue because this power

is consumed even if the circuit is not performing any operation, resulting on an

increased temperature and battery drain.

With the bloom of mobile devices, the energy consumption of electronic circuits

becomes a key issue. Static energy consumption has been traditionally addressed by

cutting the power supply of the circuit. With multi-core architectures, the design

target moves from maximum performance to minimum energy operation or at least

an optimal tradeoff between energy and performance, tuning the supply voltage

consequently.

Due to the reliability issues of SRAM cells, that were introduced in Chapter 2,

reducing their supply voltage is challenging. Their stability gets reduced, multiplying

the failure probabilities. In addition, as the whole SRAM is concerned even if only

one word is accessed, their share of static and dynamic energies and the resulting

optimal supply voltage differs from standard logic.

In this chapter we analyze static and dynamic power consumption of an SRAM

array depending on the different read and write accesses. We explore how process

variations limit the reduction of the supply voltage and how this limit can be

bypassed using write assist techniques. The impact of these techniques on the power

consumption are analyzed too, as well as new metrics are proposed to ensure that

they do not compromise cell reliability.

The chapter is structured as follows, the next section reviews different approaches

to optimize power consumption in electronic circuits, proving minimum energy and

maximum performance points in combinational logic and introducing write-assist

techniques in SRAMs. Then, our methodology to analyze SRAM power consumption

is presented together with new metrics, finally describing the experiments carried

out. Results are presented next and in the end some conclusions are drawn.
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4. Low Power SRAMs Using Write-assist Techniques

4.1 Energy Consumption Issues in Electronic Cir-

cuits

Energy consumption can be classified as coming from three different sources in

electronic circuits, switching energy, short circuit energy and leakage energy.

Switching energy corresponds to the charge or discharge of the parasitic capaci-

tances each time the values in the nodes of the circuit are changed at every clock

cycle. As a consequence it is proportional to the sum of the capacitances of circuit

nodes CL, and to the square of the supply voltage V dd. As not all the node values

change at the same time, switching energy will depend on the input data, unknown

at design stage. A correction is applied using the activity factor (α) that tells how

often the node values are switched for every clock cycle, as shown in equation 4.1.

Esw = α · CL · V dd2 (4.1)

Short circuit energy also occurs at every clock cycle, it corresponds to the current

drained from V dd to ground while both pull-up and pull-down transistors are turned

on during a transition. This energy is proportional to the supply voltage, V dd and

to the total amount of charge drained Qsc, although this amount of charge will

depend on many factors. Again, as there is not a transition in all the nodes for every

clock cycle, the activity factor (α) is used in equation 4.2.

Esc = α ·Qsc · V dd (4.2)

Finally leakage energy corresponds to leakage current, that is, currents still

traversing the transistor even when it is cut. Leakage can flow trough the tran-

sistor channel (sub-threshold leakage) or through the gate oxide (gate leakage),

the later has been heavily reduced though in newer technologies thanks to high-κ

dielectrics [GBC+01]. Leakage energy does not depend on whether there is any

activity in the circuit and occurs continually depending on the circuit area and the

transistor count, not only on transitions. It is proportional to the supply voltage

V dd and to the total current leaked through the circuit Ileak. This determines the

leakage power, compared to the two other energies it needs to be multiplied by the

duration of a clock cycle to obtain the energy, as shown in equation 4.3.

Eleak = Ileak · V dd · Tclk (4.3)

From the three sources of energy consumption introduced, we can differentiate two

different behaviors. Switching energy and short circuit energy consumption occurs

on every transition, and would be reduced to zero if the circuit is not performing

any task. They are referred to as dynamic energy as a consequence. Leakage energy,
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on the other hand, will keep leaking whether or not the circuit is doing anything, as

long as the power supply is turned on. It is thus denoted as static energy. To fairly

compare static and dynamic power consumptions it is considered that the circuit

will perform a given task that will require a certain number of clock cycles during

which the circuit will be activated, and then turned off.

Given equations 4.1, 4.2, and 4.3 that rule the circuit energy consumption,

different techniques can be considered to reduce dissipated power. By optimizing the

layout, the parasitic capacitance can be reduced consequently decreasing switching

energy. A good balance of the gates delay, and a design aware of the input data can

help reduce the activity factor and glitches. In the case of short circuit energy, a

careful selection of pull-up and pull-down transistor threshold voltages, will prevent

both nets to be turned on at the same time, making this source of energy consumption

totally negligible.

4.1.1 Introduction to Near- and Sub-threshold Design

By lowering the supply voltage, all three energies are expected to be reduced.

Especially in the case of short-circuit energy if the transistor threshold voltages are

not reduced together with the supply voltage [GGH97, CNIC96, Vee84]. Supply

voltage lowering will however degrade the circuit performance by increasing the

delay.

Moreover as leakage energy is proportional to both the supply voltage and the

delay, at some point the reduction of the static energy by reducing the supply

voltage will not compensate the increase of the delay that will make this power

to be consumed for a longer time, and the static energy will actually increase.

This will eventually affect the total energy setting a limit to the energy reduction

by lowering the supply voltage. This minimum is known as the minimum energy

point (MEP) and is located for supply voltages below the threshold voltage of the

transistor. Designing circuits that operate in that range of supply voltages is known

as sub-threshold design.

The existence of this minimum energy point was first demonstrated in [SS96].

Different simulations performed in [CC04] analyzed its dependence on the technology

and operating conditions.

Because the process variations impact increases as the supply voltage is reduced,

sub-threshold design is challenging. [CWC05] analyzed the effects of transistor sizing

when operating in the sub-threshold region. While minimum sized transistors from

conventional standard cells performed theoretically well, some process corners or

unconventional circuits leaded to failures. An analysis of the minimum energy point

in a technology with process variations was done by [ZDB+07], proving that the

actual minimum laid in fact at a higher voltage when mismatch was considered.
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Figure 4.1: Energy (a) and performance efficiency (b) per operation for different

logical libraries.

Similar results showed in [DWB+10] that process mismatch would indeed set the

limit to the voltage scaling for sub-threshold computing. Nevertheless, [JKY+12]

demonstrated a processor in a 32nm technology able to work at a supply voltage as

low as 280mV, and still performing for a wide range of supply voltages.

[MWA+10] explored the different delay-energy trade-offs of electronic circuits,

proposing to move from traditional minimum delay or minimum energy operating

targets to a balanced tradeoff between both. By operating at supply voltages in the

near-threshold region, an energy consumption close to the minimum was achieved,

still presenting good performance figures. The energy-delay product (EDP) was

used in [GGH97] as a metric to characterize this tradeoff between consumption

and performance. There, an analytical model to estimate power consumption was

presented and used to perform a design space exploration of the different supply

voltages and threshold voltages, showing how circuits performance evolved.

Different logic libraries, only consisting of a few gates, but enough to be functional

and provide a good comparison between the different constraints used to design the

logic gates [MZL+13], were designed using a predictive 14nm FinFET technology.

The libraries were characterized and used to implement a 64-bit multiplier, simulating

energy, area and delay results for different supply voltages.

Energy consumption results are shown in Figure 4.1a were the minimum energy

point can be observed. Although different libraries show indeed different energy

figures, the minimum is achieved at the same supply voltage of 400mV for all the

libraries.
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4.1. Energy Consumption Issues in Electronic Circuits

As far as the energy-delay product is concerned, the best efficiency is obtained

for values between 500mV and 600mV depending on the used library, as illustrated

in Figure 4.1b

4.1.2 Low Power SRAM Design

In the case of SRAMs, constraints imposed by process variations make their voltage

harder to scale [PSW+10], it is thus being reduced at a much slower rate than logic.

On top of that, the low activity factors that memories present makes their minimum

energy consumption point to be reached for higher supply voltages [CSBM10].

It is important thus to achieve SRAM designs that combine reliability against

process variations, together with reduced static energy consumption, that will allow

to reduce the supply voltage.

In addition to reliability issues setting a limit to the supply voltage lowering, the

low read currents driven at sub-threshold voltages become comparable to leakage

current. Several solutions are proposed to address this problem, for instance,

redundancy in the sense-amplifiers [VC08], or hierarchical bit-lines [CDC07] that

reduce the number of cells connected to a same bit-line reducing the overall leakage.

Alternatives to the 6T cell have been proposed in the literature to achieve a

supply voltage reduction maintaining reliability. [CSBM10] proved that thanks to

the decoupled read path, 8-transistor cells performed better in the near-threshold

region. Two supplementary transistors were added to the read decoupled circuit

by [CC07] in other to reduce leakage currents, proposing a 10-transistor cell able to

work in the sub-threshold region. Conventional differential read access cells with

modified Schmitt trigger inverters to hold the data were used in [KKR07], presenting

a cell able to work as low as 160mV. A double decoupled read path to achieve

differential read sensing is used in [CKPR09]. The proposed 10-transistor cell built

in a 90nm technology can also lower its supply voltage down to 160mV.

4.1.3 Write-assist Techniques for SRAMs

Most cell designs replacing the classical 6T cell imply large area overheads. Alterna-

tive techniques can be used to increase cell reliability at low voltages that do not

imply changes in the cell design or the classical word-line and bit-line architecture.

Both read and write-assist techniques were used in [PBB+07] in order to allow the

memory to operate in a wider range of supply voltages, dealing with the stability

problems this entails.
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4. Low Power SRAMs Using Write-assist Techniques

Designs that enhance the cell stability usually come at the cost of a loss in write

ability metric. Most write-assist techniques will start from a cell fulfilling stability

requirements, applying then different modifications to the write process that will

ensure the cell is written after process variations are considered.

Those modifications rely on altering the different voltages involved in the write

process. In a 65nm technology, [ZBC+06] switches between two different supply

voltages depending on whether the cell is being read or written, it optimizes thus

both stability and write ability achieving a 3GHz speed in a 70Mb array. Rather

than altering the whole supply voltage, [WHKH03] rises only the word-line voltage

above V dd in a technique named boosted word-line allowing the pass-gates to drive

more current during a write, while the disturbance introduced during a read access is

kept low. A similar goal is seek in [YWH+08] and [MRKC11], while the conventional

read access ensures the stability of the stored data, the negative bit-line technique

boosts the current driven by the pass-gates during a write operation by discharging

the selected bit-line down to negative voltages.

Body bias is a different technique to assist operation of SRAM memories, while

the main control line operate as usual, the voltage of the body is tunned to the

convenient value that enhances performance or reliability. Adaptive body bias and

adaptive supply voltage were compared in [CN03], showing that both methods

achieved similar results, with little benefit from applying both techniques. [MMR08]

applied different reverse or forward body bias values depending on the manufacturing

corner, proving that yield could be improved from 8% to 25% in a 70 nm technology.

[CPA10] analyzed different write-assist techniques for low power SRAMs in

technologies with process mismatch, stating boost word-line and negative bit-line

as the most promising techniques. [ZTV+12] proved in a 28nm technology that

negative-bit line write-assist was the most effective technique to reduce the main

supply voltage of SRAMs.

Using a 16 nm FinFET technology, [CCW+15] achieves a reduction by 300 mV

of the minimum supply voltage thanks to negative bit-line write-assist technique.

The reduction is however limited to around 100 mV for a frequency target of 1 GHz.

Write enhancement techniques such as negative bit-lines or boosted word-lines

can help to overcome reliability issues due to process variations, but can result on

increased energy consumption due to the extended voltage ranges involved. Studies

must be carried out to check if supply voltage reduction can be combined with write

enhancement techniques so that the overall energy consumption is still lowered.

In this chapter we want to design SRAM cells able to work at supply voltages as

low as possible for near- or sub-threshold applications. The design will need to take

into account the increasing importance of process variations as the supply voltage

is lowered. Write-assist techniques are considered to overcome reliability issues,

carefully keeping in mind the side effects they might have in the SRAM performance
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such as its impact on the power consumption. Negative bit-line write-assist seems

to be a promising candidate since it does not necessarily entail a degradation of the

stability neither an increase in the main supply voltage which is incompatible with

low power systems [GSG12].

4.2 Methodology

This section reviews the design considerations that must be taken into account as

near-threshold SRAMs are designed, the different energy consumptions are adapted

to the particular case of an SRAM memory, and metrics intended to measure the

reliability of the cells as the write-assist technique is applied are presented. An

alternative method to estimate the tails of the distribution of the read current as

currents start to fall in the near-threshold region is proposed. Finally the experiments

carried out are detailed.

Negative Bit-line Write-assist Technique

Among the different write-assist techniques presented in the previous section, the

negative bit-line write-assist one is considered for this work as it allows for a higher

reduction of the main supply voltage [ZTV+12]. The supply voltage of the memory

and the word-line voltages are the same than a regular SRAM, the read access is

also performed in the same way, leaving the bit-lines floating to V dd. The write

access is however changed, while the bit-lines writing a one are still tied to V dd, the

ones writing a zero are discharged to a negative voltage rather than only to ground,

boosting write operation.

This technique must be considered in the scenario of process variations, while the

nominal cell will be easily written discharging the bit-line to ground, this will not

be sufficient for some cells when mismatch is considered, requiring a lower voltage

value in the bit-line to successfully write the desired data.

An example of this technique is shown in Figure 4.2. The bit-line is progressively

discharged to ground from t = 1 ns to t = 2.5 ns without achieving to write the cell.

The data write is later achieved at t = 2.66 ns for a negative value in the bit-line of

WTP = V bl = −97 mV.
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Figure 4.2: Transient simulation to determine the negative write trip point. The

bit-line reaches zero (gray arrow) without effectively writing the cell.

4.2.1 Power Consumption Model for SRAMs Using Nega-

tive Bit-line Write-assist

As for any other electronic circuit, the energy consumption of an SRAM memory

can be split into two main components, the static energy, as a result of the currents

leaked by the cells even when no operation is performed, and the dynamic energy,

consumed when the memory is being accessed.

In the case of an SRAM, the dynamic energy, is mainly a consequence of the

capacitances being discharged and charged during read and write accesses. Since

different voltages may be involved in these operations due to the use of negative

bit-line write-assist technique, we split the dynamic energy consumption between

read energy and write energy.

Short circuit energy is negligible in the case of an SRAM array as it will only

apply to the cells being effectively written, in average only half of the cells in a

row during one access. High threshold voltages used in the transistors of SRAM

cells reduce even more short circuit currents [GGH97, CNIC96, Vee84]. The main

contribution to dynamic energy comes from the charge and discharge of the bit-lines,

while only the word-line corresponding to the selected word is activated during an

access, one of the two bit-lines for every column is discharged corresponding to each

bit in the word, this during both read and write accesses.

The read energy corresponds to the discharge of the bit-lines. Even if the use

of sense amplifiers only requires a discharge of the bit-line in the order of 10% of

the supply voltage [MMR05a], this takes into account the slowest cell in the array.

Considering variability, most of the cells will be faster, discharging the bit-line down

to ground. In addition, depending on the sense amplifier we use, it can also lead
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to completely discharge the bit-line regardless of how low it was discharged by the

accessed cell. For the read energy consumption we consider the worst case where

the bit-line swings from V dd to ground.

The energy consumed during a read access is as shown in equation 4.4, where

Ncols and Nrows are the number of columns and rows of cells in the array respectively,

Cbl,cell is the contribution of one cell to the capacitance of the bit-line and V dd is

the supply voltage.

Eread = Ncols ·Nrows · Cbl,cell · V dd2 (4.4)

The write energy is also a consequence of the discharge and charge of the

capacitive load of the bit-lines, it has to take into account that they are now

discharged from the supply voltage to a negative voltage value if negative bit-line is

used. The write energy consumption is calculated as shown in equation 4.5 where

V ss is the negative value to which the bit-lines are discharged to ensure a successful

write operation. In the case of standard-working memories that do not require from

negative bit-line write-assist, this value is zero (V ss = 0). The formula comes as

the addition of the energies required to discharge the bit-line capacitance from V dd

down to V ss with the V ss power source and the one required to charge it again

from V ss to V dd with the V dd power source.

Ewrite = Ncols ·Nrows · Cbl,cell · |V dd− V ss|2 (4.5)

The static energy corresponds to the leakage current of all the cells while just

holding the stored data. Both pass-gate leakage and inverters leakage contribute

to the static energy, both from a V dd supply voltage. It is calculated as shown in

equation 4.6, where Ileakage is sum of all the currents leaked by one cell, Ncols ·Nrows

is the size of the whole memory array, and Tclock is the period of the clock at which

the circuit operates.

Estatic = Ileakage · V dd ·Ncols ·Nrows · Tclock (4.6)

Speed Estimation

As introduced in Chapter 2, the delay of the SRAM, that will be used in equation 4.6

to estimate the static power consumption, is derived from the read current of the

cells. We consider that the memory delay will be limited by the read access since it

corresponds to a single cell discharging a huge capacitance, while the discharge of

that capacitance during the write access is done by peripheral circuitry, that can be

appropriately scaled for that purpose with less impact on the overall area.
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The read access time corresponds to the time required by the cell to discharge

∆V sa from the voltage of the bit-line, where ∆V sa is a constraint set by the sense

amplifiers. As this voltage difference is small, we can assume the read current

is constant and the discharge of the bit-line is linear as explained in Chapter 2.

The delay is then calculated following equation 4.7, where Iread is the read current

of the slowest cell in the array, whose estimation will be seen later, Cbl,cell is the

contribution of one cell to the bit-line capacitance. By multiplying that capacitance

by the number of rows in the array (Nrows) we obtain the total capacitance of the

bit-line.

Tread =
Nrows · Cbl,cell ·∆V sa

Iread
(4.7)

The delay estimated by the time it takes to discharge the bit-line represents

only the contribution of the cell array and is used as an estimation of the other

factors affecting the delay. The delay introduced by the periphery includes the time

to decode the address, the time to charge the word-line, the delay introduced by

the sense amplifiers and the time needed to output the read data. This is also an

important part of the total delay of the memory, but it presents a smaller spread

and can be tuned independently. Our target is to keep the array delay below 50%

of the aimed clock cycle, as introduced in Chapter 2.

4.2.2 Hold Trip Point Metric

As new voltages are applied to the word and bit-lines in SRAM cells making use of

write-assist techniques, new sources of error can appear on top of the usual upset

while reading or unsuccessful write. For this reason we will need to identify these

sources of failures, and develop metrics that will help us to analyze how susceptible

the cells are to this kind of failures and how they are impacted by process variations

to finally find out a suitable cell design.

In this work we consider negative bit-line write enhancement to ensure the write

ability of a cell. When this write-assist technique is applied, read accesses are

performed just as for regular 6T SRAM cells, introduced in Chapter 2. During a

write operation on the other hand, one bit-line is kept tied to V dd while the other

is discharged to a negative value. Cells that would have failed at a normal write

procedure, and thus presenting a negative value for the write trip point metric,

can still be written following this technique if the bit-line is discharged below the

negative write trip point of that particular cell.

This technique presents a drawback: the word-lines of the cells that are not

accessed are kept to zero while a negative voltage is set on the bit-line. While gate

source voltage was ensured to be null in a normal cell, a positive voltage appears now

72



4.2. Methodology

[v
]

-0.5

0

0.5
bit-line
word-line

time [ns]
0.5 1 1.5 2 2.5 3 3.5 4 4.5

[v
]

0

0.2

0.4

0.6

0.8

bit
~bit

Figure 4.3: Transient simulation to determine the hold trip point.

in non-accessed cells. The current driven by the pass-gate as a consequence might

lead to flip the contents of that cell, that risk is increased when process variations

are considered.

We propose the hold trip point metric to address this kind of failures. In the

same way the write trip point metric, introduced in Chapter 2, indicates the value to

which the bit-line needs to be discharged to ensure that an accessed cell (word-line

set to V dd) is indeed written, the hold trip point (HTP) measured the value to

which we can discharge that bit-line ensuring that non-accessed cells (word-line set

to ground) are not flipped.

Figure 4.3 shows how the hold trip point metric is measured, in a similar way as

write trip point. The bit-line is progressively discharged for a cell with the word-line

tied to ground, at t = 4.32 ns the contents of the cell are flipped for a bit-line voltage

of HTP = V bl = −596mV, even if that cell is not selected by its word-line.

While write trip point and write static noise margin were two metrics measuring

a same source of failures and could be used indistinctly, hold trip point does not

have a direct noise margin equivalent. A different static noise margin simulation

would be required while the bit-line value is swept to find out at which bit-line

voltage non-accessed cells start to fail, while write trip point directly shows that

value on a single simulation.

While read and hold stabilities can be regarded as hard constraints, if they

present a negative value for their respective static noise margins, they will inevitably

fail. Write and hold trip points allows us to select the voltage to which the bit-line

needs to be discharged so that accessed cells are flipped and non-accessed cells

correctly hold their data following equation 4.8. This equation needs to be fulfilled

for every cell in the array as process variations are considered and write and hold

trip points will follow random distributions.
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HTPcell < V bl, write < WTPcell (4.8)

4.2.3 Near-threshold Read Current Estimation under Vari-

ability

The speed of the cell is required to make sure it fulfills performance standards, in

addition it will also determine the static energy consumption per operation. The

contribution of the cell to the delay of the SRAM memory is determined by its read

current metric, introduced in Chapter 2, that tells how much current is sunk from

the bit-line being discharged, through the pass-gate of the accessed cell.

As the transistors that build the cell present process variations, its read current

metric will also be subject to variability, this has to be taken into account when

characterizing the cell. Unlike power consumption metrics, for which we are only

interested on the average value even if there are differences in the contribution of

each individual cell, the delay metric of the memory array is set by the slowest cell,

an accurate modeling of the read current distribution under process variations is

needed to correctly estimate the delay introduced by that slowest cell in the array

and calculate the SRAM yield for a determined speed target.

As an SRAM cell worked at the nominal supply voltage of the technology and

for currents close to the simulated average, the read current followed a normal

distribution as the stability metrics did. However, as the supply voltage is lowered

and currents far away from the nominal are considered, the distribution of the read

current no longer suits a normal distributions as was demonstrated in [GCP+09] for

a 45 nm technology. Those read currents belong to the sub-threshold region of the

pass-gate and pull-down transistors that the current goes through. As a consequence

the normal distribution will switch to a log-normal distribution below the threshold

voltage. If this is not considered, estimating the tail of the read current using mean

and standard deviation value could lead to negative values for the current as shown

in the vertical axis in Figure 4.4, which does not make sense given the voltages

involved.

The tail of the distribution that will determine the slowest cell in the array will

be in the sub-threshold region, while simulation data will lay mainly in the linear

region or in the transition with very few samples in the sub-threshold region. As

a consequence, the estimation of the tails of the read current distribution will be

very inaccurate, or will require an increased number of simulations to collect enough

samples in the relevant region, with the resulting computational cost.

We propose to estimate the tails of the read current distribution using an

equivalent gate voltage of a transistor corresponding to the pass-gate pull-down

path that sinks the current during read. The transfer curve of that equivalent
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Figure 4.4: Transfer curve of the pass-gate pull-down transistor path used to

find the equivalent gate voltage distribution (horizontal axis) from the read current

distribution (vertical axis).

transistor is used to find a gate voltage from the read current data obtained from the

simulations. Those equivalent gate voltages will follow a normal distribution given

the kind of variability the transistors present. Then the tails of that distribution

can be estimated with a reduced number of samples, using the mean and standard

deviation values to find an accurate value for the worst case read current under

process variations. Finally the chosen voltage laying in the tails of the distribution

is translated back to its corresponding read current using the transfer curve.

The process is summarized in Figure 4.4, the simulated read currents are shown

in a histogram in the vertical axis, while the equivalent voltage histogram is shown

in the horizontal axis. Read current laying at five sigmas from the average currents

are shown when estimated from the read current distribution, throwing a negative

value, obliviously wrong. Meanwhile, the one estimated from the equivalent voltage

distribution presents a more meaningful value.

The results we obtain using this method are almost independent from the V ds

value we use to obtain the transfer curve: halving V ds leads to a change in the

inferred read current below 1%. For our results we have used a V ds equal to the

main supply voltage, as the read current is measured, and simulated the transfer

curve of the pass-gate and pull-down transistors in series.
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4.2.4 Experiment and Methodology Description

Different schemes have been proposed in the literature to obtain the second supply

voltage required to use negative bit-line write-assist. [GSG12] generates a constant

negative voltage power source that is then used by the write driver to apply the

negative voltage to the bit-line. In [MRKC11, MRKC08] capacitive coupling is used

to achieve a transient negative peak during write operation.

While works like [GSG12] focused on the design of the periphery in order to

implement the negative bit-line scheme using a conventional cell array, the scope

of this chapter is in the design of the memory array at cell level, exploring the

delay-energy tradeoff that can be achieved paying more attention to the effects of

variability, assuming that the negative voltage is provided externally.

Intra-die variability is modeled using the two injector method [Kin05] presented

in Chapter 3 that models threshold voltage and drain-source current variability. The

spread of the threshold voltage is modeled following a normal distribution based on

the devices areas and Pelgrom’s rule [PDW89], using a coefficient AV t = 1 mV µm

which seems to be a converging limit of future technologies [WFA+08]. The spread of

the drain-source current is scaled proportionally to the threshold voltage mismatch,

according to the correlation found in [MZDR11].

We have explored 6T SRAM cells using the predictive technology models for low

stand-by power 14nm FinFET provided by Arizona State University [PTM]. Cells

are expected to be included in a 256Kbit memory array, targeting a 1GHz speed

with a yield of 90%. Different cells are analyzed to achieve the optimal solutions for

regular and negative bit-line write processes.

Cell designs in other technologies have shown to present an aspect ratio of 2-to-1

leaving the cell arrangement to achieve a square cell array for 256Kbit memory as

256 columns and 1024 rows. The sense amplifier is assumed to be designed to require

a voltage difference ∆V sa of 50mV between the bit-lines [ABR04, VC08].

The design space is explored varying the cell topology and the nominal threshold

voltage of the transistors following the methodology presented in Chapter 2. Cell

topologies differing in the number of fins allocated to the pass-gate, the pull-up and

the pull-down transistors were analyzed. In addition the threshold voltage of the

transistors are allowed to be individually tuned, which is physically done, despite a

fully-depleted channel, using the gate work function [JCV+09] as was introduced in

Chapter 2. This is modeled with a constant voltage source in series at the gate of

the transistors, independently to the modeling of the threshold voltage variability.

In this case the gate length only takes a constant fixed value.

Cells with the same fin topology and therefore the same area are retained for

both regular write and negative bit-line cells. Among all these cells we retained

the configuration with 2 pull-up, 3 pass-gate and 3 pull-down fins, despite other
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fin configurations presenting better nominal performance, the retained topology

presents less variability thanks to a larger transistor area. Designs with different

fin topologies complied with read and write stability metrics but failed to meet the

speed target of 1 GHz, results obtained for a relaxed speed constraint went in the

same direction as the ones obtained with the selected cell.

The different cells considered were simulated with voltage supplies ranging from

100mV to 900mV with a fast SPICE [CAD] simulator, measuring write trip point,

hold trip point, read and hold static noise margins and read and leakage currents.

For each case, 150 Monte-Carlo mismatch simulations were done to obtain a fast

estimation of reliability and power consumption. Selected cells presenting optimal

tradeoffs were later simulated using 5000 Monte-Carlo occurrences and compared.

In order to achieve a 90% yield for 256Kbit SRAMs, a five-sigma (5σ) confi-

dence is required in the stability metrics. That is, if for a particular metric M ,

µM − 5σM < thM, then the cell does not ensure stability for that metric, where µM

and σM are the mean and standard deviation of the metric, and thM is a threshold.

This threshold is equal to zero in the case of the static noise margins, while for the

write trip point it would be zero for a normal writing cell, or the negative voltage to

which the bit-line is discharged, if we consider negative bit-line write enhancement.

The check process for cells is as follows:

1. Cells that comply with both positive read static noise margin and write trip

point are able to work as regular memory cells. They ensure:

µSNM − 5 · σSNM > 0, and:

µWTP − 5 · σWTP > 0.

2. Cells that comply with positive read static noise margin but not with the write

trip point will be able to work as negative bit-line cells using a bit-line write

voltage that ensures write ability:

V bl, write = µWTP − 5 · σWTP < 0.

3. In addition, this negative bit-line voltage needs to be above the hold trip point,

also with 5 sigmas confidence, which means it would not disturb the contents

of the non-accessed cells, thus needs to ensure:

µHTP + 5 · σHTP < V bl, write.
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4. Low Power SRAMs Using Write-assist Techniques

Figure 4.5: Optimal energy-delay tradeoffs achieved by normal and negative

bit-line cells. Each point corresponds to a cell with a different implementation or a

different supply voltage. The supply voltage of each cell is represented by the maker

shape, in accordance with the legend. Two cells are selected by a circle for a more

detailed comparison.

4.3 Results

The simulated cells fulfilling stability requirements are shown in Figure 4.5 according

to their delay and power consumption assuming an activity factor of 10%. Only the

cells presenting an optimal tradeoff for those two metrics are shown, both Pareto

optimal fronts for regular cells and those needing negative bit-line write-assist are

plotted.

According to these results, negative bit-line does not bring any improvement for

supply voltages at which there are already some cells able to work, since the power

consumption is increased by the higher bit-line voltage swing during write operation,

as was stated in equation 4.5. On the other hand some cells using negative bit-line

techniques are able to work at supply voltages lower than any regular writing cell.

This is can be seen in Figure 4.5 as the curve for regular cells ends with V dd values

of 700mV while the negative bit-line cells can go down to 600mV or even lower if

longer delays were allowed.
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Table 4.1: Selected cells design.

cell regular cell negative bit-line cell

V dd 700 mV 600 mV

V ss 0 -50 mV

∆V thpu 0 0

∆V thpg 0 0

∆V thpd 100 mV 0

Some of the negative bit-line cells compensate the increase in power consumption

due to the second power source by a more important power saving due to the

decrease of the main supply voltage. Lowering the main supply voltage reduces the

read energy while its impact on the write energy depends on the voltage difference

between V dd and V ss.

The two cells circled in Figure 4.5 are selected to be analyzed with more detail.

The particular design of those cells is shown in Table 4.1. The table summarizes

the supply voltage at which the cells operate, the negative voltage required in the

bit-line, and the threshold voltage tuning of transistors. These cells are re-analyzed

using a more confident 5000 Monte-Carlo simulation presenting the reliability and

performance results in the next sections.

4.3.1 Reliability Results

The reliability of the normal cells is ensured by its read static noise margin and write

trip point metrics than ensure five-sigma margins above zero as shown in Figure 4.6a

and 4.6b respectively, that ensures that all cells are writable and readable for the

targeted yield. The stability while the cell is holding the bit value is ensured by the

hold static noise margin which is omitted here as it is less restrictive than its read

counterpart.

As far as the negative bit-line cell is concerned, it also presents a read static

noise margin five sigmas above zero as shown in Figure 4.7a, ensuring the read

stability of the cell. The write trip point however falls in negative voltages when the

five-sigma margin is considered disallowing the cell for a normal operation. We can

see in Figure 4.7b that in order to ensure the write-ability of the cell, a negative

voltage is required in the bit-line. Using this negative voltage in the bit-line would

not disturb the contents of non-accessed cells as this voltage is above their hold trip

point, including the five-sigma margin.
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(a)

(b)

Figure 4.6: Read (a) and write (b) stability metrics of the regular write selected

cell.

The space between the five-sigma limits of hold and write trip points corresponds

to the range of voltages that are safe to use in the bit-line, in order to minimize

energy consumption the smallest value is chosen, in our case we round that value to

V ss = −50mV.

4.3.2 Performance Results

The speed performance is estimated by the read current at which the cells are

able to discharge the bit-line during a read access. Using the method presented in

section 4.2.3, we obtain a read current at five-sigma margin of 6.9 A for the regular

cell instead of the over-pessimistic value of −1 A we would have obtained assuming

a normal distribution, the values shown in Figure 4.4 corresponded indeed to this

case. Assuming a pure log-normal distribution, an over-optimistic value of 11 A

would have been obtained. For the cell using negative bit-line we obtain a read

current of 6.8 A instead of 2 A or 10 A respectively.
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(a) Read SNM

(b) Hold and Write Trip Points

Figure 4.7: Read (a) and write (b) stability metrics of the negative bit-line

selected cell. Hold (green) and write (blue) trip points histograms are plotted in (b),

showing the safe range of voltages to which the bit-line can be discharged.

Considering the ITRS [ITR13] SRAM area targets for 14nm node of 0.096 m2 for

a cell with a 2-to-1 aspect ratio, with the bit-lines running in the shortest direction,

and given a metal capacitance of 1.9 pF/cm, the contribution of the metal lines to

the bit-line capacitance is of 41.6× 10−6 pF per cell. In addition, the simulated

three-fin pass-gates introduce a supplementary capacitance of 48.5× 10−6 pF.

Considering this capacitive load introduced by the bit-lines, it results on a

discharge delay of 0.67 ns for the regular cell and 0.68 ns for the negative bit-line

cell. Although these delays do not achieve the expectation of being less that 50%

of the total memory delay target for 1GHz, these constraints could be still met

properly sizing the sense amplifiers [VC08] to require a smaller voltage difference,

or designing the periphery so that the total delay is closer to a 67%-33% balance
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Table 4.2: Energy consumptions for the two SRAMs.

Cell design normal write negative bit-line

Write Access [pJ] 11.6 10.0

Read Access [pJ] 11.6 8.5

Static Power [µW] 6.9 7.3

Static Energy [fJ] 6.9 7.3 at 1 GHz

Total Energy [fJ] 122.6 99.7 α = 1%

between the cell array and the periphery. The target of this design lays nevertheless

in low power application, where a small degradation of the speed performance is

conceivable, keeping thus these two cells for comparison.

Even if the capacitances of the bit-lines are the same in the two cells the read and

write energies are reduced for the cell with negative bit-line write improvement since

the main supply voltage is reduced as well as the difference between V dd and V ss.

For the write energy we obtain a reduction from 11.6 pJ to 10.0 pJ and a reduction

from 11.6 pJ to 8.5 pJ for the read energy.

Two factors affect the static power in a different direction, while the supply

voltage lowering tends to decrease the standby power, the fact that transistors with

lower threshold voltage are used in the negative bit-line cell increases the leakage

current. In the end the static power is 6.9 µW for the full memory array using

regular cells, and 7.3 µW in the case of negative bit-lines.

Considering a 1% activity factor, shared equally by write and read accesses, at a

frequency of 1 GHz, we obtain an overall power consumption of 122.6 µW for the

regular memory array and of 99.7 µW for the memory using negative bit-line, which

represents the 19% reduction. The results in terms of energy are summarized for

the two cells in Table 4.2.

Figure 4.8 shows the power consumption of the two cells depending on the

activity factor, when the activity is reduced, static energy becomes predominant.

The negative bit-line cell keeps presenting better energy consumption figures for

activity factors down to 10−4.
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Figure 4.8: Total power consumption of the memories (right axis) and im-

provement of negative bit-line over regular memory (left axis) for different activity

factors.
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Figure 4.9: Effects of temperature on the leakage current (left) and normalized

read current (right) of negative bit-line and conventional SRAM cells, in the nominal

case.

4.3.3 Effects of Temperature

Temperature has an important effect on the performance and power consumption of

CMOS circuits, in addition higher power consumption will result on an increased

temperature. We analyze thus the effects that temperature will have on the previous

results by simulating the nominal negative bit-line and normal SRAM cells as their

temperature is increased as shown in Figure 4.9.

As expected the leakage current increases exponentially with the temperature,

this raise is however equivalent for the two cells considered. As a consequence the

leakage energy will increase in a similar way for both cells, increasing the activity

factor for which the active power becomes dominant.
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As far as performance is concerned the read currents of both types of cell get

enhanced when their temperature is increased due to the Temperature Effect Inversion

present in narrow transistors which is the case of FinFETs [KKB+07, SAKF08]. As a

consequence the speed of both memories will be enhanced at high temperatures. This

effect is increased when the supply voltage is reduced as was proved in [LWC+14].

Therefore, negative bit-line cells see their read current increased with the temperature

at a higher rate than the conventional cell.

4.4 Conclusion

Energy consumption is becoming an important concern in nowadays and future

CMOS technologies. Efforts have been paid to reduce the supply voltage that will

help to reduce energy consumption, this presents the drawback of a degradation

on the performance of the circuit. New design paradigms are appearing, proposing

to operate the circuit in the sub-threshold region, achieving the minimum energy

consumption per operation, or in the near-threshold, achieving the best energy-

performance balance.

Reducing the supply voltage is challenging when process variations appear, as

their impact increases for low voltages, this is especially true for SRAM memories. We

have explored the design of 6T SRAM cells in a 14nm predictive FinFET technology.

Those cells were intended to work in the near-threshold region, comparing the energy

consumption achievable when the negative bit-line write-assist technique is used to

overcome process variations at those lower voltages.

To compare the designed cells, new techniques have been proposed, the hold

trip point metric ensures unselected cells are not disturbed by the negative voltage

to which the bit-lines are discharged. A new method has also been proposed to

estimate the read current under variability, when the tails of the distribution fall

in the near or sub-threshold region. This technique uses an equivalent voltage that

will follow a normal distribution, reducing the number of simulations required to get

a confident estimation.

Different designs making use of negative bit-line write-assist technique, compared

to conventional cells proved that the write ability of a cell could be increased while

the read stability was maintained, allowing to reduce the main supply voltage of

the memory. The delay-energy design space was explored showing how negative

bit-line biasing presents benefits in the low power region while it is unable to bring

improvements in the high speed region, corresponding to higher voltages, at which

there are already regular cells able to work.
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In a deeper study we have chosen two cells which have shown for low power

applications that negative bit-line cells are able to maintain the speed performance

while the main supply voltage is reduced, resulting on lower read and write access

energies resulting on an energy saving up to 20%. The reduction on the power

consumption is effective even for activity factors down to 10−4.
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Chapter 5

Taking Advantage of Layout Dependent
Effects to Enhance SRAM Performance

With the continuous reduction of device sizes, new mechanisms need to be included

to ease the fabrication process and to meet the performance targets of the successive

nodes. As example we can consider the compressive or tensile strains included

in FinFET technology, that alter the mobility of the transistors made out of the

concerned fins.

Different types of transistors can be affected in a different way due to the

strains. In addition, the strain can have a different effect on devices of a same kind

depending on their placement, and are therefore called Layout Dependent Effects

(LDEs). Designers cannot ignore the impact that those physical details have at

electrical level, they can in addition take advantage of these effects to substantially

enhance circuit performance.

In this chapter we bridge the gap between technology advances and circuit design

by introducing the complementary SRAM (CSRAM) cell where the roles of the

nMOS and pMOS transistors are exchanged. This cell takes into account how the

layout affects the performance of the different transistors of the usual 6T and 8T

SRAM cells to maximize their performance.

This chapter is structured as follows, in the next section we make a review of the

different layout dependent effects and how they are dealt with in digital design, we

particularly focus on the strain effects in the technology considered for this chapter.

We explain then the special characteristics that SRAM layouts have and how we

can take advantage of those to enhance memory performance. The experiments

that are carried out and the technology assumptions that are made are reported

next, followed by the results obtained for different memory metrics. Finally some

conclusions are drawn.
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5.1 Introduction to Layout Dependent Effects

FinFET technology has allowed to continue the device scaling following Moore’s law

deep in the nanoscale regime. However, there are many technological challenges of

FinFET manufacturing to achieve satisfactory devices in terms of speed, power and

variation tolerance. New mechanisms have to be included to ease the fabrication

process and to meet the performance targets.

As an example of those mechanisms that are known as Layout Dependent Effects

(LDEs), we can consider the compressive or tensile strains included in FinFET

technology, that alter the mobility of the transistors made out of the concerned fins.

Strain technology has been a key enabler for improving device performance in the

past decade [XHC+12].

Strain can have a different effect on devices of a same kind depending on their

placement, for example if the fin they are built on top of is continued in the

surrounding cells or otherwise if it is cut. Also different types of transistors can

be affected in a different way due to the strains. Usually, those layout dependent

effects are preferred to remain low or constant because they increase the complexity

of standard cell design since the gates will have a different behavior depending on

their placement. This is not the case in SRAM cells. Due to the regular layout of

the memory array, the surrounding cells are always known, and so are the effects

that depend on the layout. Therefore we can take advantage of layout dependent

effects in an SRAM array to maximize the performance of the memory.

The particular technology we use in this chapter is IMEC predictive FinFET

technology corresponding to the 14nm node that is reported in [BME+13]. In this

technology source and drain SiGe compressive stressors combined with shallow-

trench isolation (STI) [KST07] of 1 GPa tensile stress are employed. STI and SiGe

stressors are shown in Figure 5.1 where their dependence with the fin length can

be foreseen. As shown in Figure 5.2, for pMOS, the mobility enhancement from

stressor increases as the fin is lengthened, due to lateral relaxation of SiGe stressors.

On the other hand, tensile STI stress increases while the fin length is reduced. As

a result, it boosts nMOS mobility for a shorter fin length, but at the same time it

degrades pMOS mobility.

This suggests that important improvements could be achieved if SRAMs are

designed so that pMOS transistors are built on top of long fins while nMOS transistors

are kept on fins as short as possible. This will require to exchange the traditional

pMOS and nMOS roles in SRAM cells, particularly using pMOS pass-gates.

The regular layout of SRAM arrays makes them a good candidate to achieve

long uncut fins that maximize the effects of stress in pMOS. Many transistors are

built over the same fin, such as the pass-gate and pull-down in a regular 6T SRAM
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(a) Shallow Trench Isolation (b) SiGe Stressors

Figure 5.1: Physical illustration of Shallow Trench Isolation (a) and SiGe

stressors (b). It can be seen that the length of the fin will affect the effect of the

stress, notably, Figure (b) shows that the strain in the channel is increased for long

fins (left). Source: Victor Moroz, Synopsys Inc.
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Figure 5.2: Different effect of tensile STI strain on pMOS and nMOS devices

mobility, depending on fin extension at both sides of the gate.

cell. In addition, surrounding cells are symmetrical sharing the connections at the

edges of the cells, this allows fins to go across different cells without being cut, even

across the whole SRAM array.

The idea of designing SRAM cells with pMOS transistors in the pass-gates is

not new, pMOS pass-gates were used in [Won03] to ease the data write operation.

[RAKP09] proposed a cell with pMOS pass-gates in order to reduce the overall gate

leakage currents and thus the static power dissipated by the memory. However, to

the best of our knowledge, this is the first time that pMOS pass-gates are used to

take advantage of the different effects that strain has on pMOS and nMOS FinFET

devices.
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LDEs have been largely studied in the literature, [Far10] summarized different

layout dependent proximity effects that are becoming relevant in nanoscale tech-

nologies. It focuses well-proximity effect, shallow trench isolation (STI), stress liner

boundary effects and source and drain stressors and it explains their impact on

device performance.

As far as strain is concerned, combined performance improvement of both nMOS

and pMOS transistors by increasing the mobility of charge carriers was achieved

by [GLK+03] taking advantage of three dimensional strain engineering. Improved

performance of both nMOS and pMOS devices of a 90nm technology was achieved

in [TAA+04] by using strained silicon and in [Yeo06] by using different source/drain

materials, lattice-mismatched to silicon.

One of the most widely used stress effects is shallow trench isolation (STI),

[BBRdB02] models the effects of STI stress showing how it differently modifies

transistor mobility depending on device type and, size and shape of the transistor

source and drain diffusions.

[PQSN09] performed a combined study of LDEs and mismatch in a 45nm

technology showing those become the main source of variation compared to die-to-

die or wafer-to-wafer variations in previous 90nm node.

Regarding SRAM memories, a study on how strain differently affects nMOS and

pMOS transistors was already done by [KKJ13], the authors prove that applying

stressors only to one of the devices, leaving the other fins unstressed, leads to SRAM

cells with an enhanced read stability compared to having both or none of the devices

strained.

5.2 Complementary Cell Proposal

As explained, the particular combination of compressive stressors and tensile STI

stress applied to the FinFET technology that is used in this work affects pMOS and

nMOS transistors in an opposite way. As was summarized in Figure 5.2, pMOS

transistors get improved as the length of the fin they are made out of is increased.

nMOS transistors on the other hand exhibit the best performance with shorter fins.

Looking at a generic layout of an SRAM cell, as the one shown in Figure 5.3,

a regular SRAM cell has its pMOS pull-up transistors built on top of short fins,

since those fins are only shared with one neighboring cell and are cut in every cell.

The length of the fins that are used to build the nMOS transistors depends on the

different number of fins that the pass-gate and the pull-down have. The fins shared

by the pass-gate and the pull-down —only one in the case of Figure 5.3— will extend

to the neighboring cells at both sides, resulting on very long fins that will only be
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Figure 5.3: Layout of three regular 112 FinFET SRAM cells, the pull-up fin is

cut, as well as one of the fins of the pull-down. The pass-gate fin as well as the

second fin of the pull-down is extended all across the memory array.

cut at the edges of the memory array. Fins that are not shared —the second fin of

the pull-down in the case of Figure 5.3— will be cut in every cell and only extend

to one side, resulting on always short fins.

As a summary, pMOS pull-up transistors will always be made out of short fins,

while nMOS pull-down and pass-gate transistors will always be made out of at least

one long fin, with one of the two devices having also additional short fins if the two

transistors do not have the same number of fins. The particular case of the cell

shown in Figure 5.3 presents a pMOS pull-up with one short fin, an nMOS pass-gate

with one long fin, and an nMOS pull-down with one long fin (the one shared with

the pass-gate) and one short fin.

Given that combination of fin lengths for the devices of a memory cell, when

strain effects are considered it results on the performance of all the three devices

getting worsened. Therefore, a way to achieve a significant improvement in the

considered strained FinFET technology is to use a complementary cell by exchanging

nMOS and pMOS devices.

5.2.1 Complementary Cell Design

By exchanging pMOS and nMOS devices in the cell layout, the transistor next to

the pass-gate is now the pull-up, and the pass-gate is now a pMOS device. What

used to be the pull-up in the normal cell becomes now the pull-down.
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(b) Layout

Figure 5.4: Schematic (a) and layout (b) of a 6T complementary cell with 1-fin

pull-down, 1-fin pass-gate and 2-fin pull-up The layout includes connections to back

end of line but the metal layers are skipped for improved visibility. Uncut fins are

extended with dashed lines.

Pull-up and pass-gate share now as many fins as the device with the fewer fins.

Thanks to the symmetry of SRAM cells, those common fins are also extended in the

neighboring cells to the right and the left, and they are only cut at the bounds of

the cell array. Since those devices are now pMOS transistors, these long fins result

on enhanced performance. If one of the devices has more fins than the other, then

those fins are not extended to the other transistor in the cell, at the other side, it is

only extended to one neighboring cell, resulting fin length of only two poly pitches.

In the place previously devoted for the pull-up, the nMOS pull-down is now

placed. Regardless of how many fins are used to build that transistor, those fins are

cut in the middle of the cell at one side, while the other side of the fin is extended

only to one neighboring device, where it is also cut. For an nMOS device this short

fin results on enhanced performance.

The whole layout of the SRAM array remains the same as only the type of

transistor has been changed but not its size or position, as shown in Figure 5.4. As

the same layout is used, there is no area penalty with respect to the regular cell.

Also the metal layers and connections remain the same, with the difference that the

lines carrying the power supply and ground are exchanged in accordance to the new

placement of pull-up and pull-down transistors.
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The implications that using a complementary cell have in the performance of the

cell are not straightforward. As far as the active power is concerned, it is mainly due

to the successive charge and discharge of the capacitive loads of the word-lines and

bit-lines. If cells keep the same number of fins per transistor, and as a consequence

have the same area, parasitic capacitances introduced by the metal lines will be

the same for regular and complementary SRAM. As their supply voltage is also

the same, the active power consumption will remain the same too. The rest of the

relevant performance figures of the complementary cell such as speed, leakage power

or reliability depend on the different devices used and the effect that strain has on

them once LDEs are taken into account.

In the case of an 8T SRAM cell, all the previous premises can be directly applied

as the 8T cell reuses the layout of a 6T cell. The two transistors for decoupled read

that 8T cells have in addition to those already present in 6T cells are usually nMOS

devices and share their common number of fins. For the 8T complementary cell two

alternatives are possible, given that a core 6T complementary cell is used, the read

decoupled circuitry may remain made out of nMOS devices, or it can also follow the

same transformation as the rest of the cell and become pMOS transistors. Since those

transistors are built on top of a same fin that will extend to the neighboring cells

and across all the array pMOS devices are expected to bring enhanced performance.

In addition, using nMOS devices that will be placed next to the pass-gate and

pull-up pMOS transistor, as shown in Figure 5.5, could require increased separation

depending on the design rules, leading to higher cell area. As stated for the 6T cell,

complementary and regular 8T cells share the same layout, where only the devices

and voltages are exchanged, therefore the complementary 8T cell has the same area,

metal lines and parasitic capacitances than its equivalent 8T regular cell.

The schematic showing the pMOS read access transistors of an 8T SRAM cell

and its layout are shown in Figure 5.5.

Three adjacent complementary cells are shown in Figure 5.6, where it can be

seen how pMOS fins are extended to the neighboring cells resulting on long uncut

fins, while nMOS fins are always cut.

5.2.2 Complementary Cell Operation

In addition to using pMOS transistors for the pass-gates, the complementary SRAM

cell implies other changes in the roles each transistor plays and the voltages applied

to the control lines.

As device types are exchanged, their role in the cell is exchanged too. The

strong nMOS transistor next to the pass-gate in the normal cell becomes now a

pMOS pull-up in the complementary cell, but it remains a strong device. This

ensures that the main current sinks come from transistors of the same type: pMOS
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(b) Layout

Figure 5.5: Schematic (a) and layout (b) of a 8T complementary cell with 1-fin

pull-down, 1-fin pass-gate, 2-fin pull-up and 1-fin decoupled read transistors. The

layout includes connections to back end of line but the metal layers are skipped for

improved visibility. Uncut fins are extended with dashed lines.

pass-gate and strong pMOS pull-up. On the other hand nMOS pull-downs that are

no longer required to drive important current in the complementary cell become

weak transistors.

In the complementary cell pass-gates are now made out of pMOS devices, therefore

they are activated by a negative pulse in the word-line, that remains tied to the

supply voltage when the cell is not accessed. This can be seen in Figure 5.7a and

compared to a regular cell in Figure 5.7b.

The write access remains similar to the one of a regular SRAM cell. One of

the bit-lines is set to supply voltage while the other is set to ground, then the

write operation starts by activating the word-line, discharging it in the case of a

CSRAM. While the main write process in a regular SRAM cell is performed by

the bit-line that is tied to ground, overtaking the effect of the weak pull-up, in the

complementary cell it is the bit-line charged to the supply voltage that overtakes

the weak pull-down.

As the read path in the case of 6T complementary cell is done through the

pass-gate and pull-up pMOS transistors, these are more efficient at charging the

bit-line rather than discharging it. As a consequence the read process will require
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Figure 5.6: Layout of three 112 FinFET complementary SRAM cells, the pull-

down fin is cut, as well as one of the fins of the pull-up. The pass-gate fin as well

as the second fin of the pull-up is extended all across the memory array.
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Figure 5.7: Voltage at different nodes and lines during write and read processes

of a complementary (a) SRAM cell, compared to a normal one (b).

the bit-lines to be previously discharged to ground, during the read process one

will be charged by the accessed cell while the other will remain discharged and the

voltage difference will be detected by the sense amplifier.
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The voltages of the main nodes involved in a 6T cell read and write operations are

shown in Figure 5.7, comparing regular and complementary cells. A write operation

is first performed resulting on a change of the cell contents, then, those contents are

read.

In the case of an 8T cell, the write process is the same as for the 6T cell. The

read process is performed by the read decoupled circuitry, if those transistors have

been exchanged by pMOS devices, bit-line and read-word-line behavior will undergo

the same changes stated for the read of a 6T cell. That is, the read-bit-line will

be previously discharged to ground, the read process starts by discharging the

read-word-line, the bit-line will be charged or not depending on the contents of the

cell.

In general, signals of the complementary cell are the opposite to those of a regular

SRAM cell, following the transformation in Equation 5.1. As a consequence, any

strategy to improve SRAM speed or reliability of the cells such as the ones presented

in [CPA10] will also be applicable to the complementary cell. Those enhancements

include supply voltage tuning, word-line boosting (the same effect will be obtained

driving the word-line below zero during read and write), or negative bit-line voltage

(the equivalent for CSRAM would consist in driving the selected bit-line above the

nominal supply voltage during write access).

Vsignal,CSRAM = V dd− Vsignal,SRAM (5.1)

5.3 Experiments

As explained, the two main kinds of SRAM cell layouts can benefit from fin strain

using a complementary design. In this section we analyze thus these two designs,

6T and 8T.

Each design can be implemented with different transistor sizes which in FinFET

technology is defined by the number of fins the transistor has, which we call topology.

We consider four different topologies, three for the 6T cell: 111, 112 and 123; and

only one for the 8T cell, with only one fin per transistor. The order of the numbers

defining the topology is based on the transistor roles in the cell as explained in

section 5.2.2 and thus are exchanged for CSRAM cells. For example in 123 they

mean 1-fin pull-ups, 2-fin pass-gates and 3-fin pull-downs in the case of a normal cell,

while the order is pull-down, pass-gate, pull-up in the case of CSRAM cell. This

way two equivalent designs keep the same name.
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Cells with the same topology will have the same layout and thus the same area,

regardless of if they are complementary or normal cells. So that equivalent cells

are compared, it is done inside the same topology using all the cells with different

performance that can be achieved by varying other design parameters.

In addition to topology, the other design parameters that we consider in order to

achieve different implementations are the nominal threshold voltage of the transistors,

that we allow to be tuned individually, and the gate length of the transistors, that

can be slightly changed while keeping the poly-pitch constant and thus not altering

the area. Unlike the threshold voltage, the tuning of the gate length is common for

all the transistors in the cell.

The cell selection is performed following the methodology explained in Chapter 2.

Nominal metrics are first simulated considering all possible design parameters. In

a second step, the best nominal cells are simulated under variability. Since the

technology is predictive, there is no variability information in the compact model.

Thus we model the variability following the two-injector method [Kin05], inserting

voltage and current source generators as explained in Chapter 3.

5.3.1 Technology Used

We have used for this work the predictive compact model for 14nm FinFET tech-

nology from IMEC [BME+13]. The charge carriers mobility parameters in those

BSIM-CMG model cards are dependent on the fin extension at the sides of the

transistor gate, that is given as a parameter when the transistor is instantiated. The

device has a fin height of 30 nm, a fin width of 10 nm and a nominal gate length of

20 nm. The nominal voltage supply is 0.8 V.

Transistors made out of several fins are treated as 1-fin transistors in parallel

applying the strain effect to each individual fin depending on whether it is cut or

not.

The physical dimensions of the design are the same in regular SRAM and CSRAM

cells, and so are the metal layers. As a consequence the parasitics and the capacitive

load of the bit-lines are the same in both designs for a same number of fins. This

allows us to compare the speed of the cells through the current they are able to sink

from the bit-lines, without knowing the absolute figures of the capacitance.

Since the purpose of this work is to compare two different SRAM cell designs,

the actual value used for AV t does not affect the conclusions as long as the same

value is used for both simulations. Nevertheless we used an AV t of 1.2 mV µmthat

seems to be a realistic value according to the literature [WFA+08].

In a first experiment the same AV t is used for both nMOS an pMOS transistors

so that the comparison between regular and complementary SRAM is unbiased. In

addition, to compare the sensitivity of regular and complementary SRAM cells to
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a different magnitude of mismatch [GML+06, MLE+11] in the nMOS and pMOS

devices, some cells were simulated again. These new simulations included mismatch

spreads scaled differently for the two transistor types, proving the different effects

on cell yield that mismatches of pMOS and nMOS devices have.

5.4 Results

We have considered read and write static noise margins as the main stability metrics

to characterize our proposal, the results under variability are reported assuming

they fit a normal distribution [PSW+10]. Mean over standard deviation numbers

are shown as this result takes into account both statistics in one single figure. The

greater these metrics are the better the yield the cell will have. Read and write static

noise margins can be combined in a single figure as the 1-cell failure probability

which is used to compare reliability tradeoff with other metrics such as speed.

The speed of an SRAM array is limited by the read operation, as it is a small

cell charging or discharging the large capacitance of the bit-line as introduced in

Chapter 1. Other factors such as the charge and discharge of the word-line, or the

charge and discharge of the bit-lines during a write access are carried out by the

periphery and thus are less affected by variability.

The charge or discharge of the bit-line during a read operation will depend on the

amount of current that the cell can sink from or deliver through the pass-gate, and

the size of the capacitance that has to be switched. The later parameter is unknown

until the memory size is set and also depends on other technology parameters that

are unknown as the parasitic capacitance introduced by the metal layers. As said,

this capacitance does not change from normal to complementary cell, and assuming

that we compare SRAM arrays of the same size, speed comparison can be reduced

to compare the current the cell can deliver. However no comparisons can be done

between two different topologies, since cells with different number of fins will add a

different load to the bit-line and word-line, in addition to the different size of the

cell across different topologies.

The metric used to show the speed of a cell under variability is the mean value of

the read current minus six standard deviations (6σ), which is enough to ensure the

yield of the memory will not be limited by its speed. Similar results are obtained

with a less restrictive metric.

5.4.1 Stability

The read and write SNMs of the four different topologies considered (three topologies

for the 6T cell, and one for the 8T cell) are shown in Figure 5.8. For both read and

write, the metric is represented as the mean value over the standard deviation. A
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(a) 111 (b) 112

(c) 123 (d) 8T

Figure 5.8: Read and Write Static Noise Margins comparison of complementary

and normal SRAM for 111 (a), 112 (b), 123 (c) topologies, and 8T cell (d).

line joins the optimal Pareto points of all the results that can be obtained given

the design space considered. Regarding stability there is no clear advantage of one

cell over the other, except for the 111 cell, which presents better metrics for the

CSRAM cell.

Unlike 6T SRAM cell, where an enhancement in read or write static noise margin

is always achieved at the expense of the other parameter, a read operation introduces

almost no disturbance in the 8T SRAM cell thanks to the decoupled read circuitry.

This can be clearly seen in Figure 5.8d as both metrics show a flat response and can

be improved almost independently.

5.4.2 Performance

Figure 5.9 represents the speed of the cell as the current they are able to drive

from the bit-lines, we consider variability by subtracting six standard deviations

to the mean value of the current. Each plot compares the speed of normal and
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(a) 111 (b) 112

(c) 123 (d) 8T

Figure 5.9: Speed performance vs. failure probability comparison of comple-

mentary and normal SRAM for 111 (a), 112 (b), 123 (c) topologies, and 8T

cell (d).

complementary SRAM cells, this for the four cell topologies considered, plotted

against the 1-cell failure probability calculated as the result of read and write static

noise margins previously presented in Figure 5.8.

All the designs achievable for the considered design space are represented, those

that present an optimal tradeoff between speed and reliability are highlighted. We

can see that thanks to the increased mobility that the continuous fin brings to the

transistors in the pass-gate pull-up path, the CSRAM cells provide a faster read

access for a same yield.

The speed improvement turns to be higher in the 111 topology, as the number

of fins is the same in the two transistors of the read path, all the fins are uncut, and

thus their speed is improved. On the other hand, only the fins shared by both the

pass-gate and the pull-up get uncut in the 112 and 123 configurations, leaving a fin

in the pull-up cut, and thus showing a lower speed improvement than for the 111

configuration.
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The differentiated read circuitry of the 8T allows to achieve the desired read

current without modifying the six transistors that hold the data and carry out the

write operation. This can be seen in Figure 5.9d, as the 8T SRAM cell shows a

flat speed behavior for a higher range of failure probabilities for both regular and

complementary cells.

5.4.3 Power Consumption

As explained before, the active power consumption is due to the charge and discharge

of the bit-lines and word-lines. Since those tracks are built in the same technology

and have the same dimensions for a given cell topology, their capacitive load is the

same and so it is the active power consumption. Therefore the power consumption

differences between normal and complementary SRAM cell will be due to static

power consumption.

Figure 5.10 compares the leakage current of the complementary and normal

SRAM cells of the four topologies, highlighting the optimal tradeoff front. It can

been seen that for a given read current, the CSRAM systematically presents a lower

leakage current, which means that the complementary cell has a lower static power

consumption than a normal SRAM cell of a comparable speed. This advantage also

applies to the overall energy consumption.

Seeing the results in a different way, Figure 5.10 proves that speed improvements of

24%, 18%, 19% and 26% for the different topologies achieved with the complementary

design are not obtained at the expense of an increase of the leakage power.

5.4.4 Biased Mismatch Dependence

For the previously exposed results, we have assumed that the fabrication process

had an AV t factor of 1.2 mV µm equal for both nMOS and pMOS transistors, this is

not always true. Due to the different materials involved in the fabrication of the two

devices, they can present different mismatch magnitudes that differently affect the

yield of the memory, depending on the kind of device that is used for each transistor

in the SRAM cell.

Figure 5.11 shows how different mismatch magnitudes for each transistor in the

cell results in a different spread of the stability metrics at the cell level.

We can see in Figure 5.11a for regular SRAM cells that a change in nMOS

variability translates into a higher change in stability than the same change in

pMOS variability. Both nMOS pull-down and pass-gate devices contribute to this

sensitivity in the case of read stability, while for the write stability this is mainly

due to the pass-gate.
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Figure 5.10: Comparison of leakage and read currents of complementary and

regular SRAM, for the four cell topologies considered.

When CSRAM cells are considered, in Figure 5.11b, the stability presents a

higher sensitivity to the variability of pMOS devices. Again the pass-gate is the

major contributor during read, while both pMOS pull-up and pass-gate contribute

during write operation.

The results shown in Figure 5.11 were obtained for cells using 111 topology. 112

and 123 topologies led to the same conclusions.

During a write access the pass-gate is the most sensitive device as it has to

overtake the weak pull-up in the case of a regular cell, or the weak pull-down in

the case of a complementary cell. During a read access the two transistors of the

same type that make the current sink are the ones that limit the sensitivity: the
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(a) SRAM

(b) CSRAM

Figure 5.11: Sensitivity of the cell read (left) and write (right) stabilities to the

magnitude of the mismatch of different transistors for regular (a) and complemen-

tary (b) cells.

nMOS pass-gate pull-down path in the case of a regular cell, or the pMOS pass-gate

pull-up path in the case of a complementary cell. Weak pull-up or pull-down play a

minor role during read access and thus stability is less sensitive to their mismatch.

As expected, cells are more sensitive to the mismatch of the dominant type of

transistor they are made of. This goes with the transistors that are more involved

in the write and read operations, that limit the yield of the cell. This means that

in addition to a faster operation, CSRAM cells are more suitable for technologies

that present a greater mismatch magnitude in the nMOS device than in the pMOS

device, as in the case of the FinFETs presented in [GML+06] or some of the devices

in [MLE+11].
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5.5 Conclusions

In this chapter we bridged the gap between technology and design to analyze the

possibility of using complementary SRAM cells to take advantage of the enhanced

pMOS devices that tensile stress provides in FinFET technology. Since the benefits

of strain regarding pMOS transistor mobility increase as the fin is extended at the

source and drain sides of the gate, the proposed CSRAM cell allows the fins that are

shared by the pull-up and pass-gate transistors to be extended across neighboring

cells all along the SRAM array. In addition nMOS devices of the pull-down are

always cut which is the optimal for nMOS devices mobility.

Complementary SRAM cell has the same physical layout than a regular cell and

thus it does not bring any manufacturing challenge. It also has the same area and

metal layers and as a consequence has the same load to the bit-lines and word-lines

ensuring the dynamic power consumption figures are kept.

Results of Monte-Carlo simulations under mismatch have shown that comple-

mentary SRAM cells provide an increased read speed of at least 14% and up to 44%

in some cases compared to an equivalent regular SRAM cell with the same area and

for a same yield target.

As far as static power consumption is concerned, the complementary cell presents

a better speed and leakage tradeoff than normal SRAM cells of the same topology.

As a consequence, 18% to 26% faster memories can be designed using CSRAM cells,

or memories with a same speed target would present lower static power consumption.

As we are entering in technology nodes where static power consumption and

reliability are becoming important issues in digital design, complementary SRAM

cells can allow to relax the constraints brought by those issues thanks to their

enhanced performance.

The effects of aging due to bias temperature instability have not been considered

in the simulations. Although NBTI and PBTI can have similar magnitudes depending

on the technology [HFH+11], NBTI, that affects pMOS transistors, is usually higher

and can represent a drawback for the complementary cell. This particular case needs

to be studied in detail to find a tradeoff between the performance boost achieved by

CSRAM, its possible faster aging and the use of mitigation techniques [PAR12].

Finally, complementary SRAM cells have also shown to be less sensitive to nMOS

mismatch than to pMOS mismatch, as opposed to regular SRAM cells that are more

sensitive to nMOS mismatch. Complementary SRAM cells will therefore throw a

better yield in technologies where nMOS mismatch is more important than pMOS

mismatch which appears to be the case of many FinFET based technologies in the

literature.
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Chapter 6

SRAM Radiation Hardening beyond
22nm

Radiation has been a traditional concern in electronics for space applications. The

high altitude at which those circuits operate removes the protection that the atmo-

sphere brings, increasing the chances of a particle hitting the circuit. This is also

the case of places like nuclear plants or particle accelerators with artificial sources of

radiation. The transient noise induced by a particle strike can propagate through

the circuit and lead to flip the contents of a storage element.

Due to their important share of the overall chip area, and thus high impact of

any area-consuming reliability improvement, SRAM memories can be regarded as

the most vulnerable to radiation part of a digital system.

As smaller nodes are entering into production stages, circuits become sensitive

to disturbances of lower energy, which can happen now even at ground-level. In this

chapter we review those new technology nodes that make use of new structures such

as Silicon-on-Insulator or FinFET, and analyze how process variations affect their

radiation hardening capabilities.

The chapter is structured as follows. First the basic concepts of radiation in

electronic circuits are reviewed, checking the latest designs and expected evolution

for the future nodes. Static and dynamic analyses of SRAM cells are carried out.

Then an analysis on how the combination of variability and radiation affects the

next predictive nodes is performed and the results are presented. Finally some

conclusions are drawn.

6.1 Radiation Issues in Electronic Circuits

Effects of radiation on electronic circuits have been an important issue from the

early years of electronics and space exploration. As soon as 1967, [SGF67] studied

the effects of ionizing radiation on silicon devices. Later, [MW79] reported the first

soft errors in memories caused by radiation.

In radiating environments, particles are continuously hitting random nodes of

the system. Depending on the characteristics of the particle and of the technology

of the circuit, a certain amount of the particle energy is transfered to the circuit,
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making electrical charges appear as a consequence. These charges are collected by

the circuit, causing a transient noise current to be induced in the stricken nodes of

the system. These phenomena are known as single event transients (SET) are can

compromise the correct behavior of electronic circuits, especially the analog ones.

Characteristics of the radiation, such as the type of particle, its energy or the

angle of incidence of the particle strike were linked by [JDNH85] to the circuit

response as a certain amount of induced charge. [HGR06] studied different ways

of modeling the effects this radiation-induced charge has on the circuit by using

current pulses with different shapes and durations. For the 90nm node, [NBD+07]

characterized the critical charge, testing different pulses for the induced current,

showing that double exponential pulses led to a conservative prediction for bit error

rate. [WD05] describes how to calibrate the circuital models used to simulate and

estimate soft error rates based on the type of particles hitting the circuit.

While digital circuits are usually less vulnerable to noise thanks to the discretiza-

tion of the signal values, some particles can induce SETs with amplitude enough

so that the value of the considered bit is flipped. While the bit would eventually

recover its original value as the charge gets collected, if it is meanwhile sensed it

could lead to the permanent flip of that storage contents, which is known as a single

event upset (SEU).

This makes storage elements the most sensitive and most vulnerable nodes of an

electronic circuit. The huge share of overall chip area devoted to SRAMs makes the

radiation hardening of cells very costly. In addition, their particular design with

looped inverters makes it easier for transient induced pulses to lead to a bit upset.

Special attention must be paid to analyze and simulate the behavior of SRAM cells

under radiation, and accurately estimate the bit upset errors expected so that they

can be dealt with by the system.

Knowing the characteristics of the pulse induced by a strike of the studied particle

and the amount of electrical charge it involves, we can define the Critical Charge,

Qcrit as the amount of charge necessary to make the current pulse flip the content

of an SRAM cell.

[HGR06] described the different factors that influenced the value of the critical

charge of a memory cell and its spread: supply voltage, process variations, type of

technology. [CA08] focused on the dependence of the critical charge on the supply

voltage and the threshold voltage, analyzing different technologies of 65nm and

45nm and storing elements, as SRAM cells and latches.

From the critical charge and depending on how the charges from the particle

are collected by the circuit, the rate at which bit upsets are induced can be cal-

culated. This value is known as the soft error rate (SER), that will also depend

on the flux of particles hitting the circuit. Its dependence on the critical charge

is usually modeled following a Weibull distribution [Hei02, Nor98]. Although it
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is only an approximation, it has shown good results for the 65nm node, when

compared to silicon measurements [TBAS14] and it has been also applied to FinFET

technology [LCDN14].

[AMR+10, MAS+12] proved alpha-particles to be the main source of bit upsets

in SRAMs for 130nm and 65nm technologies at ground level. Very extensive work

has been performed in the literature to enhance SRAMs against radiation. By using

different threshold voltages and widths in the transistors of a 6T cell, [TAB+10]

explores the different tradeoffs between area, performance and radiation hardening

that can be achieved in 90nm and 65nm technologies. [CAM+14, CAMR13] presented

different design methodologies to harden logic gates, including inverters, in a 7nm

FinFET predictive technology. FinFETs were indeed proved in [ACR13] to be the

emerging devices that presented the best radiation hardening capabilities, compared

to classical bulk, or III-V/Ge technologies.

Furthermore, as explained in Chapter 2, as technology scales deep in the nanome-

ter regime circuits are more vulnerable to errors due to process variations. This

is the main source of hard failures in SRAMs, but the combined effect of process

variations and radiation has started to be taken into account lately. In [GZD+11]

the critical charge required to flip a 6T SRAM cell under different read, hold and

write situations was simulated when affected by process variations.

Decreasing geometries and lower supply voltages reduce not only SRAM stability

but also the hardening capabilities of the cells. As lower supply voltages are used,

the currents carrying information get reduced too and become comparable to those

induced by particle radiation, increasing the chances of errors. Recently, [DSSF10]

analyzed the trends of the vulnerability to radiation of electronic circuits against

their technology node. This work showed that even at ground level, circuits were

facing single event upsets for energies in the range of alpha particles from the 0.25 µm

node. Another side effect of the devices getting smaller and more devices getting

close to each other, is the increasing probability of a single particle striking affecting

multiple nodes in the circuit, leading to multiple bit upsets (MBUs) [THCC+11].

However, even if smaller devices are vulnerable to lower energies, newer technolo-

gies happen to transfer less energy of the particle to the circuit. This is the case of

Silicon-on-Insulator (SOI) technologies, which shorten the path in drain and source

diffusions traversed by the particle during an impact, reducing the amount of energy

transfered. This becomes especially true in FinFET technology. [SSK+06] analyzed

the evolution of soft error rates due to radiation as the technology scales to smaller

nodes. It showed that despite being vulnerable to smaller critical charges, the last

nodes remain less vulnerable thanks to less charge being transfered to the circuit.
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Different measurements of bit upsets at high altitude and underground were

done in [ASM+12], inferring an estimation of a SER at sea level of 2500 FIT/Mbit

for a 130 nm technology, due to combined neutron and alpha-particle radiation.

The SER halved in the next 65 nm node, but then stayed constant for 40 nm as

neutron-induced SER became predominant.

In this chapter we analyze if this trend gets affected once process variations are

considered. We compare different radiation hardened cells concluding which are the

main design directives to follow in order to reduce radiation induced errors in deep

nanometer nodes.

6.1.1 Soft Error Rate Estimation Methodology

In this section we explain how the soft error rate can be estimated based on

simulations. The modeling of the transient pulse induced is explained, followed by

the simulation of the critical charge and how to infer the bit upset probability.

The transient current induced by the particle strike can be modeled by a double

exponential pulse shown in equation 6.1 [SVNS13, KSA+09], where τ1 and τ2 are

the rise and fall timing constants, depending on the particle and the technology, and

Qcoll is the amount of charge collected by the circuit.

I(t) =
Qcoll

τ2 − τ1

·
(
e

−t
τ2 − e

−t
τ1

)
(6.1)

The critical charge can be determined by injecting transients currents that

replicate the particle hit effects in the nodes of an SRAM cell, and increasing their

intensity until the stored value is altered. A value can be simulated for each node

and for each state of the circuit. In the case of a simple 6T SRAM cell, two nodes

can be analyzed as well as two states, those corresponding to the cell storing a zero

or a one. Also different critical charge values can be simulated for different particles

striking the circuit at different places, inducing pulses with different characteristics

or polarities.

As the charge collected by the node is not a constant value, whether or not the

strike of a particle leads to a bit upset is modeled as a random variable that can be

approached by a Weibull distribution as shown in equation 6.2, where η is the charge

collection efficiency, a parameter of distribution corresponding to the average charge

collected by the node after a particle strike [LCDN14]. Following equation 6.2 if the

average collected charge is much lower than the critical charge (η << Qcrit), then

P (upset)→ 0, almost no hits will result on a bit upset. On the other hand if the

collected charge is much higher than the critical charge (η >> Qcrit), most hits will

result on bit upsets (P (upset)→ 1).
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6.2. Combined Effects of Variability and Radiation under Dynamic Operation

Finally the probability of a bit upset given that a particle strike has occurred

is combined with the particle flux and the sensitive area of the considered node to

calculate the soft error rate. It can be calculated for a particular node, as it is the

case in equation 6.3, or at system level, combining the errors of all nodes in the

system.

P (upset) = exp

(
−Qcrit

η

)
[bit upsets/particle strike] (6.2)

SER = κ · Adiff · exp
(
−Qcrit

η

)
[bit upsets/s] (6.3)

κ : particle flux [particles ·m−2 · s−1]

Adiff : sensitive diffusion area [m−2]

This methodology will be used in the rest of the chapter when soft error rate

calculations are required.

6.2 Combined Effects of Variability and Radia-

tion under Dynamic Operation of SRAMs

As introduced in Chapter 1, smaller devices become more vulnerable to errors due to

process variations that significantly affect the transistor response. This potentially

makes memory elements unstable, which affects particularly SRAMs.

In addition to the stability of the cells, process variations can also affect the cell

radiation hardening, making it easier to flip by the induced current pulse. Combined

effects of process variations and radiation have not been deeply considered in the

literature.

In this chapter we use a highly customizable simulation framework presented

in [GRLVRA14] for the accurate characterization of circuit modules under radiation.

The tool can be configured to accept different radiation sources and analyze the

most sensitive nodes, simulating their critical charge at SPICE-level. It accepts

different simulation modes that include static and dynamic analyses, parametric

optimization as well as Monte Carlo simulations to include variability.

In this section we first perform a static analysis of nominal SRAM cells, following

different design alternatives in a 65nm commercial technology, finally achieving

the soft error rate estimation. This is compared to previous works that present

fabricated and radiated memories in the same CMOS technology [TBAS14], serving

as a validation for our SER estimation methodology introduced in the previous

section.
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6. SRAM Radiation Hardening beyond 22nm

After the validation step, a cell is studied under dynamic operation and consid-

ering process variation, studying how the its vulnerability to radiation evolves.

6.2.1 Static SRAM Analysis

A complete static analysis of 65nm SRAM cells differing on the transistor dimensions

was presented in [TBAS14]. There, different cells were first simulated and then

fabricated, radiated with alpha particles and finally measured to study how SRAM

transistor sizes affect their radiation hardening capabilities. We have reproduced

those results to validate our methodology that analyzes SRAM cells radiation

hardening capabilities.

We setup the framework presented in [GRLVRA14] to model those pulses using

the well known double exponential current sources. For this purpose we kept

τ1 = 1 ps and τ2 = 10 ps as the time constants of the double exponential pulse in

equation 6.1, to model 50 ps-length current pulses induced by alpha-particle strikes

in this 65 nm technology [TBAS14].

For different cell sizes equivalent to those for which the soft error rate is calculated

in [TBAS14], we simulate the induced charge required to flip the contents of the

cells while in the hold state.

Taking equation 6.3 as a reference the two different sensitive diffusion areas

(Adiff,n and Adiff,p) are included in equation 6.4, where each area is vulnerable

to induced pulses of opposite polarity. The soft error rate is calculated from the

simulated critical charge assuming the same conditions as in [TBAS14], that is,

using the radiation flux shown in equation 6.5, and the electron and holes charge

collection efficiencies shown in equations 6.6 and 6.7 respectively. As the cell is

symmetric, there is no need to re-simulate the charges hitting the other node of the

cell while the cell is storing the opposite data because the results will be the same.

SER = κ · (Adiff,n · e
−Qcrit,n

ηe + Adiff,p · e
−Qcrit,p

ηp ) (6.4)

κ = 8.03× 10−7 α− particles ·m−2 · s−1 (6.5)

ηe = 2.02 fC (6.6)

ηh = 0.79 fC (6.7)

Figure 6.1 presents the comparison between our simulation results and the silicon

results measured in [TBAS14], the differences are summarized in Table 6.1. As can

be seen the simulated SER properly fits the experimental data, only small differences

persist, that can be explained by not exactly reproducing the same diffusion areas

in our cells.
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Figure 6.1: Soft Error Rate dependency on cell dimensions: simulations vs.

experimental results [TBAS14]. The cell types S, M and L stand for Small (0.15 m),

Medium (0.23 m) and Large (0.30 m) transistor widths, where the two letters

refer to nMOS and pMOS transistors respectively.

Table 6.1: Differences between simulated SER and experimental data.

����������
pMOS size

nMOS

size Small Medium Large

Small -5.9% -6.6%

Medium -5.9% -1.9%

Large -10.0%

In the next sections, we keep the cell with transistors widths of wn = wp = 0.2 m

in order to analyze it under dynamic operation first and under process mismatch

later.

6.2.2 Dynamic Analysis

Using the cell retained in the previous section, we setup a transient simulation

that involves successive write and read cycles, covering all possible situations. The

framework analyses now the critical charge necessary to flip the cell contents,

considering the impact time of the particle as another factor. This will tell us when

the cell is more vulnerable to bit upsets.

Figure 6.2 shows the critical charge (Qcrit) obtained at different operation stages

for the nominal scenario. It can be seen that during write operations, the critical

charge is heavily increased, above the maximum value considered, as the contents of

the cell are forced externally.
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Figure 6.2: Critical charge simulation in nominal scenario for the SRAM cell.

The different cell operation stages are shown: H for hold, W for write and R for

read.

During the read operation, two opposite phenomena can be observed. First,

while the read operation is starting, the cell becomes more vulnerable to radiation,

which is shown in the zoomed part in Figure 6.2 as a reduction of the critical charge.

This can be explained by the disturbance introduced by the activated pass-gates

and pre-charged bit-lines, worsening the ability of the cell to recover and hold the

correct data.

Actually the critical charge is reduced even for particles striking the circuit

before the read starts, the read operation will then ease the flip of the cell if it starts

while the cell is still recovering from the induced transient noise. Even if the exact

figures are not reproduced, since a different technology is used, these results are in

accordance with those shown in [GZD+11].

As the read operation carries on, the critical charge increases back orders of

magnitude above the value during hold operation, out of the range shown in

Figure 6.2. This is explained by the large capacitance of the bit-lines acting as

a buffer, even if a particle strike would be able to flip a standalone cell, it is not

enough to alter the voltage in the bit-lines, already partially discharged, that write

back the previous bit value to the cell.
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6.2. Combined Effects of Variability and Radiation under Dynamic Operation

6.2.3 Mismatch Analysis

The same transient simulation of the cell in dynamic operation has been performed

considering in addition device mismatch. 80 000 Monte Carlo simulations were ac-

complished taking into account variations in transistor widths, operating temperature

and supply voltage.

The results of those Monte Carlo simulations considering radiation effects under

variability conditions are condensed in Figure 6.3 for negative induced charges and

in Figure 6.4 for positive charges. The figures show the upset ratio on how the

collected charge value, Qcoll, leads to a computed functional error. The figures

represent the worst case reliability results for both positive and negative induced

charges. As shown, the variability in transistor width and temperature parameters

produces undesired effects on the critical charge calculus.

For comparison, the nominal critical charge dependence with the impact time

shown in Figure 6.2 is overlapped in Figures 6.3 and 6.4, the border that separated

charges leading to a failure has become a progressive transition due to mismatch, in

which the failure probability switches from a 0% to a 100% along a range of 0.5 fC in

the collected charges. As a result the time windows boundaries at which the cell is

vulnerable are widened and smaller charges can now lead to a bit upset. Therefore,

this example illustrates how parameter variations cannot be ignored when evaluating

radiation hardening capabilities.

6.2.4 Discussion

In this section we have validated our methodology and framework by analyzing the

static behavior of nominal SRAM cells, simulating their critical charge and deducing

the resulting soft error rate. Our results match silicon measurements from other

research works that used the same technology.

Further analyses have proven the effects that the dynamic operating conditions

of SRAM memories performing successive read and write cycles have on the critical

charge of the cells. Also the evolution of errors induced in the cells when the

technology presents device mismatch has been studied. Both analyses have shown

that the critical charge is significantly affected.

However, these results need to be put into the context of how the error rate

gets affected in the end. Negative induced pulses have shown a lower critical charge

during both read and write operations, as well as a higher charge collection efficiency

a represent thus the worst case. We analyze thus the soft error rate in the case of

negative induced pulses.
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6. SRAM Radiation Hardening beyond 22nm

Figure 6.3: Upset probability under variability for different negative collected

charges and impact times. The nominal case is superposed in the bottom figure.

If we compare the critical charge during hold conditions of the cell and the

minimum value of the critical charge during the read operation, it results on the

soft error rate growing from 0.290 to 0.525 as shown in equations 6.9 and 6.11, that

is an 81% increase. For these comparisons, the sensitive diffusion areas and particle

flux factors have been ignored as they equally affect the SERs during read and hold.
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6.2. Combined Effects of Variability and Radiation under Dynamic Operation

Figure 6.4: Upset probability under variability for different positive collected

charges and impact times. The nominal case is superposed in the bottom figure.

Qcrit, hold = 2.5 fF (6.8)

SERhold ∝ exp

(
−Qcrit, hold

ηe

)
= 0.290 (6.9)

Qcrit, read = 1.3 fF (6.10)

SERread ∝ exp

(
−Qcrit, read

ηe

)
= 0.525 (6.11)
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6. SRAM Radiation Hardening beyond 22nm

Although the increase in the soft error rate seems impressive, it must be taken

into account that read operations are much less common for a single cell than hold.

Considering a small 1Kbit memory consisting of 32 rows and 32 columns in which

one full row is read in each clock cycle, a single cell will undergo only one read access

on average for every 31 cycles holding the data. The resulting average soft error

rate is as shown in equation 6.12, that is, the effect of the read operation in the

critical charge of the cell only worsens the average SER by 2.5%, compared to the

81% calculated for the individual SERs during read and hold separately.

SER =
31

32
· SERhold +

1

32
· SERread

SER ∝ 0.297 (6.12)

Again, these results have been estimated using very pessimistic conditions, a

normal behavior of a memory will present much less read accesses. Additionally if

bigger arrays, including banks, are considered, fewer cells will be accessed during a

read operation. The actual realistic degradation of the radiation hardening of a cell

due to read accesses is likely to be negligible, especially compared to the important

effect that process variations seem to have.

6.3 Soft Error Rate and Critical Charge Evolu-

tion for Predictive FinFET Nodes under Vari-

ability

We want to quantify the difference between the radiation hardening capabilities of a

nominal model of a memory cell and a real cell that presents process variations. For

this, the critical charge and the resulting soft error rate of SRAM cells are simulated

under mismatch for four different technology nodes.

6.3.1 Experiments Carried out

For this purpose we use the predictive technology models from Arizona State

University [PTM], that cover nodes from 20nm down to 7nm in FinFET technology.

The most relevant magnitudes for those four technology nodes are summarized in

Table 6.2.

The SER estimation methodology introduced in Section 6.1.1 is adapted to

the case of FinFET technology. The charge collection efficiency can be obtained

from the linear energy transfer (LET ) value, estimated to 50 fC/µm at ground level

for neutrons striking silicon [LCDN14] The final average charge transfered to the
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6.3. SER and Critical Charge Evolution under Variability

Table 6.2: Main characteristics of Arizona State University predictive models.

Node 20nm 14nm 10nm 7nm

Gate length 24nm 18nm 14nm 11nm

Fin thickness 15nm 10nm 9nm 7nm

Fin height 28nm 23nm 21nm 18nm

Supply voltage 0.9V 0.8V 0.75V 0.7V

Figure 6.5: Neutron induced current for a collected charge of 0.5 fC, impacting

at t = 10ps, with τ1 = 2ps and τ2 = 20ps, matching the pulse for FinFET

in [LCDN14].

node depends on the length of the particle path through the active area of the

silicon which can be approximated by the fin thickness (Tfin) in the case of FinFET

technology [HAR15] as shown in equation 6.13. This takes into account the shortest

possible path followed by the particle, that can be regarded as another source of

randomness, any other path will result in an increased collected charge.

η = LET · Tfin (6.13)

According to [LCDN14], the induced current pulses caused by neutron particles

take around 80 ps in the predictive FinFET technologies we use. We model thus

those pulses using τ1 = 2ps and τ2 = 20 ps as the time constants of the double

exponential, this results on a desired pulse length shown in Figure 6.5.

We analyze two different SRAM cells using the framework introduced previ-

ously [GRLVRA14]. The first cell analyzed is the classical six-transistor SRAM cell

introduced in Chapter 2, shown in Figure 6.6. The second cell analyzed reuse the

classical 6T scheme, replacing the inverter by the radiation-strengthened inverter

proposed in [CAMR13], we will refer to that cell as the Strengthening-Concept cell

(SC).
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Figure 6.6: Classical six-transistor SRAM cell. The current pulse induced by

the particle strike is shown in node bit.

The Strengthening Concept inverter adds a replica of the pull-up and pull-down

paths connected to two additional networks that monitor the output, as shown in

Figure 6.7. In the case of a flip, the new networks will try to restore the previous

value.

Lacking of information on how radiation induced charge is collected by FinFETs

with multiple fins, only minimum size cells with one fin per transistor were considered

in this experiment.

Only the two traditional threshold voltage and drain-source current injectors

are used to model variability in this experiment. Preliminary results showed that

radiation hardening characteristics of the SRAM cells were mainly driven by their

electrical characteristics in linear and saturation modes, making the increased

accuracy in the sub-threshold region brought by the new injectors proposed in

Chapter 3 unnecessary. An AV t value of 1mV m is taken to model process

variations, which seems to be a converging value [WFA+08], some experiments are

repeated with a higher mismatch magnitude of 2mV m.

For both cells, and the four technology nodes studied, 2000 Monte-Carlo simula-

tions are run using random generated threshold voltages and drain-source current

injectors, different for each transistor in the cell. The results are presented in the

next section.
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Figure 6.7: Strengthening Concept inverter, used to build the SRAM cell of the

same name.

6.3.2 Effects of Process Variations on the Critical Charge

Figure 6.8a shows how the critical charge of a 6T SRAM cell distributes statistically

once process variations are considered, rather than having a fixed nominal value.

It can be observed that as the technology shrinks the critical charges get decreased,

both the nominal and the average values are reduced. The average critical charge is

always higher than the nominal, which means that process variations would enhance

it, this is studied in detail in Section 6.4. This gap between the nominal and average

values increases as the technology node is shrunk.

Regarding the spread of the distribution, it widens as the technology node shrinks,

this will significantly affect the soft error rates analyzed in the following section.

Although the Strengthening Concept cell presents higher critical charges, similar

trends can be observed regarding its evolution with technology node and its spread,

as shown in Figure 6.8b.
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Figure 6.8: Statistical distribution of the critical charge of the 6T (a) and

Strengthening Concept (b) SRAM cells as a result of process variations for different

nodes.

6.3.3 Effects of Process Variations on the Soft Error Rate

Figure 6.9 shows for the 6T SRAM cell how the critical charge and the soft error

rate evolve as the technology node goes down from 20nm to 7nm. We can see,

as was foreseen in the previous section, that the critical charge is enhanced when

process variations are considered, this is true for both cells, and increases as the

technology node shrinks. Additionally, if the spread of the variability is increased

from 1mV m to 2mV m, the gap between nominal and average values gets higher.

The trends with the technological nodes are nevertheless the same, with the critical

charge decreasing with the nodes in all nominal and average cases.

Although the critical charge increases with process variations, the resulting

soft error rate also increases. While the difference is still below 1% for 20nm, the

underestimation ramps up as smaller nodes are considered and gets above 40% in

7nm for both considered cells As a result the trend of the soft error rate could be
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Figure 6.9: Effects of process variations in the critical charge (top) and soft

error rate (bottom) of a 6T SRAM cell for different technology nodes.

reverted. While it would decrease with the node down to 7nm node for the nominal

cell, it stays constant after the 14nm node, or even increases if more conservative

variability figures such as 2mV m were considered.

The trend of the nominal soft error rate is not as linear as for the critical charge

as a consequence of the scaling of the fin thickness neither being linear, slowed down

in the jump from 14nm down to 10nm.

Although the Strengthening Concept cell presents better absolute values for the

critical charge and the SER, Figure 6.10 shows that the evolution of these metrics

with the technology node and with process variations is the same as for the 6T cell.

The deviations from the nominal case due to process variations are higher in the

Strengthening Concept cell, as summarized in Table 6.3, which can be explained

as more sources of errors due to the higher transistor count. The soft error rate

evolution with the technology node is reversed too after 14nm, it increases now even

for the 1mV m variability figure, although slightly.

6.4 SRAM Critical Charge Enhancement as Re-

sult of Variability

It was shown previously that as a result of variability affecting the devices of an

SRAM cell, its critical charge was enhanced. This result sounds counter-intuitive

and it is analyzed in this section.
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6. SRAM Radiation Hardening beyond 22nm

Figure 6.10: Effects of process variations in the critical charge (top) and soft

error rate (bottom) of a Strengthening Concept SRAM cell for different technology

nodes.

Table 6.3: Evolution of Soft Error Rate under process variations.

Nominal SER Mean SER difference

20nm - 6T 0.1659 0.1647 -1%

14nm - 6T 0.0852 0.0872 +2%

10nm - 6T 0.0804 0.0899 +12%

7nm - 6T 0.0576 0.0808 +40%

20nm - SC 0.1187 0.1198 +1%

14nm - SC 0.0650 0.0692 +6%

10nm - SC 0.0648 0.0758 +17%

7nm - SC 0.0488 0.0727 +49%

6.4.1 Demonstration

The static noise margin introduced in Chapter 2 is a parameter of the SRAM cell and

it has to present positive values for the cell both storing a zero and a one, otherwise

one of these data cannot be stored, read or written properly. As a consequence the

minimum static noise margin from the two possible stored values is kept to study

cell stability.

The critical charge on the other hand only becomes relevant when a particle

actually hits the cell, which can be holding a zero or a one with ideally 50%

probability for each case. Taking this into account it is more accurate to use the

average critical charge or soft error rate of the cell holding each possible value, to

average the probability of error over time, instead of taking the worst case.
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6.4. SRAM Critical Charge Enhancement as Result of Variability

Figure 6.11: Critical charge of each cell node for different combinations of

pull-down transistors threshold voltages.

Taking this into consideration, 6T cells built in the 20nm Arizona State University

predictive technology have been studied while independently altering the threshold

voltage of the transistors. For each combination of threshold voltages, the critical

charge was simulated with the cell holding either a one or a zero.

Alterations of the threshold voltage of the pass-gates showed almost no influence

on the radiation hardening of the cells since those are simulated while holding the

data, with the pass-gates not activated. Regarding the rest of the transistors in the

cell, alteration of the pull-up transistors threshold voltages happened to have more

effect on the critical charge for negative induced current pulses, while pull-down

threshold voltages had more effect on the critical charge induced by positive pulses.

For simplicity we only alter two threshold voltages at a time.

The threshold voltages of the pull-down transistors are altered between −200 mV

and 200 mV with respect to their nominal value showing the critical charge for

positive pulses in Figure 6.11, where each surface corresponds to each of the internal

nodes that can be radiated. The best combination of transistors to increase the

critical charge that the concerned node can take is a weak pull-down on the hit

inverter, that will be more immune to the positive voltage peak at its input, and a

strong pull-down in the other inverter, more likely to hold the original high voltage

at its output, despite the positive voltage peak. However, it turns to be the worst

combination when the cell holds the opposite data and the particle hits the other

internal node.
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6. SRAM Radiation Hardening beyond 22nm

Figure 6.12: Average critical charge of both cell nodes, for different combinations

of pull-down transistors threshold voltages.

When the average critical charge is computed instead, as shown in Figure 6.12,

any combination of strong pull-down transistor lead to enhanced critical charge.

That is, either both pull-downs being stronger, or only one of them achieve a

similar optimal critical charge around 1.7 fC, only having both pull-down being weak

transistors results on decreasing the average critical charge.

This explains why the average critical charge gets enhanced with variability, com-

pared to the nominal value. In the case presented in Figure 6.12, the nominal critical

charge is 1.54 fC while the average gets enhanced to 1.56 fC, and the enhancement

is better as wider is the range of threshold voltages considered.

The same experiment has been carried out for variations in the threshold voltage

of the pull-up transistors, in cell subject to negative current peaks. The results are

presented in Figure 6.13, and are similar to the previous case. Any stronger pull-up

transistor results on enhanced critical charge, while it is only deteriorated if both

transistors are weak, achieving an average critical charge of 1.38 fC compared to the

nominal value of 1.35 fC.

6.4.2 Effects on the Bit Error Rate

The simulated values of critical charge for negative pulses with different values

of threshold voltage for the pull-up transistors have been used to calculate the

corresponding soft error rate. A charge collection efficiency of 0.75 fC as calculated

for the 20nm node in Section 6.3.3 has been used. The rest of the parameters in the

SER equation 6.3, as radiation flux and sensitive areas are unknown. These values

are skipped as they are not necessary for our purposes, providing only results in

arbitrary units.
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Figure 6.13: Average critical charge of both cell nodes, for different combinations

of pull-up transistors threshold voltages.

Figure 6.14: Average bit error rate for negative induced current pulses, depending

on the different threshold voltage combinations of the pull-up transistors in the cell.

The SER for the different threshold voltage combinations is shown in Figure 6.14.

We can see that although the average critical charge was enhanced varying the

threshold voltage, the average soft error rate is increased. Asymmetric cells show

values as bad as the one with both weaker pull-up transistors, only the combination

of both pull-ups being stronger results on enhanced soft error rate.

As a consequence the average soft error rate gets worsened with respect to the

nominal value, this is due the the characteristics of the function used to calculate the

SER following a Weibull distribution. The node with the lower critical charge, has

a higher contribution to the soft error rate and thus the enhanced average critical
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charge does not translate into a better soft error rate. This discourages the design of

radiation hardening asymmetric SRAM cells relying only on average critical charge

increase since it would not translate into a better error rate.

6.5 Conclusions

Radiation-induced errors have been a traditional concern in electronics for space

applications for many years. But the reduced size of nowadays devices is making

ground level applications to face the same problems, since the small charges carrying

digital information are easier to alter by less energetic particles. Memory elements

and particularly SRAM cells are the most vulnerable elements, and special attention

must be paid to their design.

In this work we have first analyzed how process variations and radiation jointly

affected SRAMs in a 65nm commercial technology. The critical charge evolution

during the transient operation of a cell confirmed the results of previous works, while

the estimation of the soft error rate matched silicon measurements from other works

that used the same technology, validating our methodology.

Then, the same analysis has been performed on four different nodes of a predictive

FinFET technology ranging from 20nm down to 7nm. Both the traditional 6T SRAM

cell, and a specially radiation-hardened 14-transistor cell have been simulated. The

results confirm that the critical charge is reduced as the technological node progresses,

in addition, even though the average critical charge is in fact higher than the nominal

value the spreads are widened for smaller nodes. The Strengthening Concept cell

presents improved figures but similar trends.

As far as the soft error rate is concerned, we prove that it would be underestimated

if only the nominal case was considered. While approximations are still reliable for

20nm, the error gets as high as 40% when smaller nodes are considered, which is

even worse if more conservative variability figures are used.

These results show that the enhancement on the radiation hardening capabilities

of a cell achieved using strengthened cells is small compared to how much it degrades

due to process variations for both cases. This suggests that 6T cells with larger

transistors can be regarded as a more interesting approach just looking at how

variability will be reduced thanks to the larger devices. A better understanding is

nevertheless required on how multiple fin transistors collect the charge and their

sensitive areas to confirm those ideas.

A final analysis has confirmed that the average critical charge of a cell actually

increased with process variations, however the resulting soft error rate increased

too since lower critical charges contribute more to the error rate due the the

characteristics of the Weibull distribution.
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This explains why the average critical charge is higher while the soft error rate

is in fact underestimated. It also suggests that it is not conceivable to achieve a

radiation hardening of SRAM cells relying only on designing asymmetric cells.
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Chapter 7

Conclusions

We have approached in this thesis several challenges that CMOS electronic circuits

will present in the near future, especially focusing on SRAM memories as the most

area consuming part of nowadays systems, as well as one on the most error prone.

In a common scenario of increasing intra-die process variations, power reduction

strategies, layout dependent effects and radiation hardening were analyzed.

We have first reviewed the standard operation of SRAM cells, showing their

increasing importance in current and future electronic systems. Their particular

vulnerability to process variations was explained and the common metrics used

to characterize them were introduced. The different sources of process variations

were reviewed and their relation to the size of the transistors was stated, leaving

the explanation on how this will be modeled to Chapter 3. The particular 3D

characteristics of FinFETs, an emerging device expected to boost performance and

stability compared to classical planar technology, were finally introduced. This

particular kind of devices is extensively used in the rest of the work.

Chapter 3 reviewed the classical modeling of transistor mismatch using circuit-

level threshold voltage and drain-source current injectors. The advantages and

detailed use of that technique were explained. Additional injectors were proposed

in order to model short channel effects that induce new sources of variability in

the sub-threshold region. The results showed that the proposed DIBL and sub-

threshold slope injectors achieved important increase in the accuracy with respect

to two-injector classical approach, while simulating in order of increased complexity:

transistor figures of merit, SRAM cells stability and performance metrics and finally

SRAM yield estimation, using a statistical compact model as a reference. With

an increase lower than 5% in the simulation time, the mean square error when

simulating SRAM metrics was reduced by at least 1.5 times and up to 7.5 times, and

the error of the standard deviation of those metrics was reduced up to 40 percentage

points. As a result, the estimation of the yield in an SRAM array was improved by

orders of magnitude. The injectors method presented in Chapter 3 is used in the

rest of the thesis to model variability.

Chapter 4 focuses on power reduction as emerging mobile applications require

from circuits consuming little energy to allow the battery to last longer. While voltage

down-scaling meets this purpose, allowing a reduction able to reach the minimum
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energy point, this is at the cost of a heavy degradation of speed performance. We

explored in that chapter the design of memories working at supply voltages near

the threshold voltage, where the best tradeoff between performance and energy

is achieved. We proved that the use of negative bit-line write-assist techniques

allow to maintain reliability figures as the main voltage is lowered, which results

on a decrease of the cell energy consumption despite the second power source. The

negative bit-line cell allowed a power consumption reduction of 19% with respect to

its regular writing counterpart. The designed cells achieved a working speed of 1 GHz

close to ITRS targets combined with an important reduction of the static power

consumption, with the negative bit-line cell presenting better power consumption

for activity factors down to 10−4.

Design methodologies applicable to near and sub-threshold SRAM design were

developed in Chapter 4. The hold trip point metric was proposed to ensure non-

accessed cells are not disturbed by the negative voltages applied in the bit-lines,

using a faster simulation. An equivalent gate voltage was used to more accurately

estimate the tails of the read current distribution under variability, as the values

start to lay in the near or sub-threshold region, reducing the number of necessary

simulations to achieve a confident estimation.

Chapter 5 deals with the physical design of SRAM cells, taking advantage of

layout dependent effects. As technology is scaled down new mechanisms, such as

SiGe stressors of shallow-trench isolating strain are included in order to boost devices

performance meeting targets predicted by Moore’s law. As these mechanisms are

layout-dependent, meaning that their effect differs depending on the neighboring

devices, the regular pattern followed by SRAM arrays allows to maximize the

performance increase. We present a complementary SRAM cell that uses pMOS

devices in the pass-gates and exchanges the roles of the inverter transistors with

strong pull-ups and weak pull-downs. The layout, checked for different fin topologies,

presents long uncut fins for the pMOS devices and short fins for nMOS devices, which

boost the performance of both kinds of transistors. The speed of the complementary

cell could be boosted by at least 14% for a same reliability or static energy target.

The designed complementary SRAMs allowed for a higher speed, lower static energy

and increased reliability compared to the traditional SRAM cells with the same area

for the technology considered.

While radiation induced errors have been a traditional concern of electronics

for space applications, the small amount of electronic charge carrying the data in

current and incoming circuits is making them vulnerable to hits of particles present

at ground level. This issue is addressed in Chapter 6. A combined analysis of

radiation and variability during the transient operation of an SRAM was performed,

showing that although the vulnerability of the contents was increased during read

accesses, the short periods of time during which this happens results on an impact
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of less than 2% on the overall error rate of the memory. A static analysis of the

error rate evolution of incoming nodes was then performed considering the impact

of variability. The results showed that under-estimation of the radiation-induced

soft error rate up to 40% could be done if process variations were not taken into

account. This could result on the error rate trend being reduced much slowly or

even increasing in future technology nodes, regardless of whether standard 6T or

radiation hardened cells were used.

In general the results proved the importance of process variations setting a limit

to the reliability of designed circuits. In addition, they will indirectly limit also

the speed and energy consumption performance of new systems, as well as their

radiation induced error rates. A careful design, accurately taking into account the

effects of those process variations, rather than a nominal device-based design can

help pushing the limit of current technologies. Enhanced designs, taking advantage

of new effects such as LDEs, or including assist techniques changing the classical

read or write behavior of SRAMs, can also help boosting performance or reducing

energy consumption. However, this will only help make the most out of current

technologies, pushing a limit set by mismatch that will eventually be reached.

7.1 Future Work

To conclude this thesis, some ideas to continue the work presented based on the

results obtained are proposed. The four-injector method to model variability showed

an increased reliability, this should be exploited to better optimize SRAM designs,

especially as far as static power consumption is concerned and starting by applications

where the supply voltage is lowered. Although this thesis mainly focused on SRAMs,

process variations also affect logic design, especially in near and sub-threshold

applications. As the main gain in accuracy of the four-injector method lays in

the sub-threshold region, an analysis of how increased process variations affect

sub-threshold design should be carried out, simulating how the supply voltages

at which minimum energy consumption and minimum energy-delay product are

achieved.

The analysis carried out in this work, accounting for process variations, radiation

or energy consumption should be completed analyzing other harmful factors that

impact current and incoming systems, for example aging and temperature. Those

two factors are closely related, and also related to energy consumption and process

variations, already studied in this work. Their analysis needs thus to have a more

general view that analyses all these sources together. In addition, temperature and

aging do not represent only external sources of variations, but need also information

of the circuit past activity both in short term as from the beginning.
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Write-assist techniques or taking advantage of new technology effects such as

LDEs will help mitigating the impact of these different harm sources, and modify

current designs to achieve optimal solutions with a balanced contribution of each

source that minimizes the overall failure rate. New design approaches need to

be considered to boost performance and reliability of systems built on top of

current technology. The necessity of building reliable systems on top of unreliable

devices was stated already by [Bor05]. Techniques such as dynamically changing

the operating conditions to optimize speed and power can improve the performance

allowed by classical designs. Monitoring the circuit current conditions using different

sensors [IH12] can allow to selectively allocate the computational load, mitigating

aging or reversing it, leaving spare parts in recovery mode [PAR12]. Redundancy

and error detection and correction codes can help overcome hard and soft failures at

device level achieving reliable systems. These new design paradigms will still need a

good understanding and modeling of gate-level sources of failure.

A bigger industrial challenge will be to introduce all these designs, techniques

and methodologies into electronic design automation tools, in order to achieve

cost-effective design of reliable systems. These tools will require from high level

reliability metrics inputs in addition to classical performance requirements, and will

achieve optimal implementations that fulfill input targets. This will be required to

be done at a reasonable computational cost, carefully partitioning the circuit and

translating the variability effects at different levels of abstraction.

From a low level approach other sources of improvement come from the technology

perspective, to help reduce device mismatch. New fabrication processes such as

extreme-UV lithography, with a wavelength of 13.5 nm, is the official hope of the

industry to advance Moore’s law [ITR13] by reducing line edge roughness. Special

attention must be paid to improve etching processes and introduce new materials for

the transistor gates at an effective cost, in order to increase the reliability of devices

that will result on performance and reliability boosts for all levels of abstraction of

the electronic design flow.
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