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Summary:

 Most activities inside nuclear facilities are carried out in well-shielded areas to
achieve the needed safety requirements against the exposure to ionizing radiation. This
implies  the  necessity  of  employment  of  remote  inspection  and  handling  electronic
equipment inside these areas. Therefore, these electronic equipment should be radiation
tolerant to be able to work properly over its expected lifetime. The gamma rays are the
main  threatening  ionizing  radiation  on  electronic  equipment  mounted  in  nuclear
facilities. Total Ionizing Dose (TID) introduced by the gamma radiation into silicon
dioxide portions of MOS devices can cause their functionality failure.

This work discusses a modeling methodology of the TID effects. These effects are
introduced due to the absorption of gamma rays into shallow trench isolation oxides in
bulk CMOS devices. The benefit of this modeling methodology is to provide the circuit
designers with a tool to test the performance of their circuits at high absorbed doses and
to develop radiation tolerant circuit designs suitable for different nuclear facilities. This
modeling  approach is  applied  to  130nm predictive  technology model  for  bulk FET
devices as a case study and the results show a good agreement with published measured
data.



Disclaimer

I hereby declare that this thesis is my own original work and that no part of it has been
submitted for a degree of qualification at any other university or institute. 

I further declare that I have appropriately acknowledged all sources used and have cited
them in the references section. 

Name: Hesham Hassan Hassan Salah El Din                     Date: 

Signature:   

1



Dedication

I would like to dedicate this research work to my parents. 

II



Acknowledgments

First of all, I have to thank God for guiding me to finish this work. 
I would like to thank my father who taught me the engineering thinking and made me

love electronics. I would like to thank my mother for her support and encouragement.  
I would like to thank my supervisors Prof. Serag, Dr. Mohammed, and Dr. Alaa for their

continuous guidance and effective support throughout this research work. They taught me
how to do research, and how to present my work. 

I would like to thank Prof. Wael Fikry for the valuable discussions that we had about the
Spice  parameters  extraction  steps  that  helped  me  to  complete  the  script  of  the  Spice
parameters extraction algorithm. 
  

III



Table of Contents
DISCLAIMER..........................................................................................................................I

DEDICATION.........................................................................................................................II

ACKNOWLEDGMENTS.....................................................................................................III

TABLE OF CONTENTS.......................................................................................................IV

LIST OF TABLES................................................................................................................VII

LIST OF FIGURES............................................................................................................VIII

LIST OF ABBREVIATIONS.............................................................................................XVI

LIST OF SYMBOLS.........................................................................................................XVII

ABSTRACT.........................................................................................................................XIX

CHAPTER 1: INTRODUCTION...........................................................................................1

1.1.MOTIVATION......................................................................................................................1
1.2.IONIZING RADIATION IN NUCLEAR FACILITIES.................................................................2
1.3.GAMMA RADIATION EXPOSURE VERSUS DOSE.................................................................2
1.4.TOTAL IONIZING DOSE (TID) EFFECTS ON BULK CMOS DEVICES..................................3
1.5.RADIATION-INDUCED NARROW CHANNEL EFFECTS (RINCES)........................................7
1.6.RADIATION-INDUCED SHORT CHANNEL EFFECTS (RISCES)............................................9
1.7.RADIATION HARDENING BY DESIGN APPROACH............................................................13
1.8.GOALS AND APPROACH...................................................................................................14

CHAPTER 2: MODELING TID EFFECTS ON BULK CMOS DEVICES....................16

2.1.LITERATURE REVIEW......................................................................................................16
2.1.1.Quick Review......................................................................................................................16
2.1.2.Modeling TID-Induced Defects Build up in Oxide.............................................................20
2.1.3.Modeling TID-Induced Intra-Device Leakage....................................................................24
2.1.4.Modeling RINCEs on Bulk CMOS Devices.......................................................................26

2.2.OUR CONTRIBUTIONS......................................................................................................28
2.2.1.Modeling TID-Induced Defects Build up in Oxide.............................................................28
2.2.2.Modeling TID-Induced Intra-device Leakage.....................................................................35

2.2.2.1.Spice Modeling of Pre-Irradiated Side Wall Transistors (SWTs)...................................................................36
2.2.2.2.Incorporation of TID-Induced Defects with SWTs’s Spice Models...............................................................38

2.2.3.Modeling RINCEs on Bulk CMOS devices........................................................................41

2.3.PROPOSED METHODOLOGY OF TID-AWARE CIRCUIT MODELING OF BULK CMOS 
TRANSISTORS........................................................................................................................43

CHAPTER 3: IMPLEMENTATIONS AND ALGORITHMS...........................................45

3.1.BSIM4 MODEL CAPABILITY INTO SCILAB SOFTWARE....................................................45
3.2.SPICE PARAMETERS EXTRACTION ALGORITHM..............................................................46

3.2.1.Introduction.........................................................................................................................46
3.2.2.Implemented Extraction Algorithm.....................................................................................47

IV



3.3.CALIBRATION PROCEDURES FOR PHYSICAL STRUCTURE MODELS OF BULK CMOS 
DEVICES................................................................................................................................49
3.4.TID-INDUCED DEFECTS BUILD UP MODEL....................................................................50

3.4.1.Validating Experimental Results.........................................................................................50
3.4.2.Model Implementation........................................................................................................51

3.4.2.1.Solution of Surface Potential Equation (SPE)...............................................................................................51
3.4.2.2.Calculations of radiation induced defects build up........................................................................................53

3.4.3.Model Analysis...................................................................................................................54

CHAPTER 4: CASE STUDY ON 130NM CMOS DEVICES............................................57

4.1.INTRODUCTION................................................................................................................57
4.2.REVISIT PUBLISHED EXPERIMENTAL RESULTS OF TID EFFECTS ON 130NM BULK CMOS
TECHNOLOGY........................................................................................................................57
4.3.CALIBRATION OF THE 130NM-PTM PHYSICAL STRUCTURE MODELS............................59
4.4.DIVISION OF STI OXIDE ALONG SIDE WALLS................................................................65
4.5.SPICE MODELING OF THE PRE-RAD SWTS OF 130NM-PTM NFET...............................66
4.6.DEFECTS BUILD UP AT SIDE WALLS OF THE 130NM-PTM CMOS DEVICES..................67
4.7.TID-AWARE SPICE MODELS OF THE SWTS....................................................................70
4.8.TID-AWARE 130NM-PTM CMOS SPICE MODELS..........................................................71

CHAPTER 5: TID-AWARE SIMULATION OF CMOS CIRCUITS...............................79

5.1.CMOS INVERTER CIRCUIT..............................................................................................79
5.2.CMOS CURRENT MIRROR..............................................................................................81
5.3.CMOS COMMON SOURCE AMPLIFIER............................................................................84
5.4.CMOS DIFFERENTIAL AMPLIFIER...................................................................................86

CONCLUSIONS.....................................................................................................................90

REFERENCES.......................................................................................................................92

APPENDIX A: TABLE OF FREQUENTLY USED RADIOISOTOPES..........................96

APPENDIX B: SCILAB SCRIPT COMPARING TWO APPROACHES OF 
INCORPORATING TID-INDUCED DEFECTS WITH SWT’S SPICE MODEL.........99

 APPENDIX C: NETLIST OF THE TID-AWARE SWT’S SUB-CIRCUIT...................102

APPENDIX D: PARAMETERS AND EQUATIONS OF BSIM4 MODEL....................104

APPENDIX E: STEPS OF THE IMPLEMENTED SPICE PARAMETERS 
EXTRACTION SCRIPT......................................................................................................111

APPENDIX F: SCILAB SCRIPT OF THE DEFECTS BUILD UP MODEL FOR NFET 
OXIDE PORTIONS.............................................................................................................123

APPENDIX G: ACHIEVED FITTING FOR SPICE MODELS OF SWTS...................132

APPENDIX H: NETLIST OF THE TID-AWARE 130NM-PTM NFET’S SUB-
CIRCUIT...............................................................................................................................150

APPENDIX I: NETLIST OF THE TID-AWARE 130NM-PTM PFET’S SUB-CIRCUIT
................................................................................................................................................155

V



APPENDIX J: NETLIST OF THE TID-AWARE SIMULATION OF CMOS 
INVERTER CIRCUIT.........................................................................................................159

VI



List of Tables
Table 1.1: Tenth value thickness [cm] of gamma rays passing through Aluminum, Iron, Lead, or 

Concrete [2, 12]...................................................................................................................2

Table 2.1: Comparison between the formation rate equations in the Esqueda’s reduced form and in the
our generalized form..........................................................................................................31

Table 3.1: Classification of the Spice parameters extraction steps into clusters...................................48

Table 3.2: Information to be extracted from a BSIM4 Spice model to build its physical structure 
model.................................................................................................................................50

Table 3.3: Calibration procedures for physical structure models of bulk MOS devices.......................50

Table 3.4: Analytical model parameters used into the implemented Script of the defects build up 
model to get the results presented in Figure 3.11...............................................................54

Table 4.1: Extracted information from 130nm-PTM NMOS Spice model...........................................59

Table 4.2: Extracted information from 130nm-PTM PMOS Spice model...........................................60

Table 4.3: Extracted information from the calibrated PS model of the as drawn NFET.......................66

Table 4.4: Extracted information from the calibrated PS model of the as drawn PFET.......................66

Table 4.5: Achieved average RMS error for the four SWTs.................................................................66

Table 4.6: The parameters used into the implemented defects build up model....................................68

Table A.1: List of Frequently Used isotopes in nuclear facilities and applications...............................96

Table D.1: Definition of each term in the unified current equation of BSIM4 model........................104

Table D.2: Definition of the fitting parameters of the unified current equation of BSIM4 model......108

Table E.1: Cluster 1: extraction steps of long channel parameters.....................................................111

Table E.2: Cluster 2: extraction steps of short channel parameters in linear region............................113

Table E.3: Cluster 3: extraction steps of short channel parameters in saturation region.....................117

Table E.4: Cluster 4: extraction steps of output conductance parameters in saturation region...........118

VII



List of Figures

 Figure 1.1: Band diagram clarifies the charging of interface states presented in NMOS and PMOS 
capacitors biased in strong inversion [16].........................................................................3

 Figure 1.2: Two possible TID-induced paths for leakage currents [7]...................................................4

 Figure 1.3: Drain current versus gate bias for NMOS device from SMIC 0.18um process at different 
absorbed ionizing doses [18].............................................................................................4

Figure 1.4: Cross section of shallow trench isolated NMOS device post-irradiation [14]......................5

 Figure 1.5: Sketch illustrate that SWTs shares their terminals with as drawn transistor [19]................5

Figure 1.6: Illustrating I-V curves for an as drawn transistor and a SWT pre-irradiation, and post-
irradiation..........................................................................................................................5

 Figure 1.7: Off-state Leakage currents versus absorbed TID for NMOS devices from three different 
130nm foundries [20]........................................................................................................6

 Figure 1.8: Off-state Leakage currents versus absorbed TID for NMOS devices from three different 
65nm foundries [16]..........................................................................................................6

 Figure 1.9: Off-state Leakage currents versus absorbed TID for NMOS devices from 40nm 
technology [16].................................................................................................................7

 Figure 1.10: Cross section of pre-irradiated NMOS device along its width..........................................7

 Figure 1.11: Cross section of pre-irradiated PMOS device along its width...........................................8

 Figure 1.12: Cross section of post-irradiated NMOS device along its width........................................8

 Figure 1.13: Cross section of post-irradiated PMOS device along its width.........................................9

 Figure 1.14: Threshold voltage shift versus absorbed TID(SiO2) for wide and narrow NMOS devices 
from three different 130nm foundries [20]......................................................................10

 Figure 1.15: Threshold voltage shift versus absorbed TID(SiO2) for (a) NMOS devices and (b) 
PMOS devices of different widths from 65nm foundry [16]...........................................10

 Figure 1.16: Id-Vg curves at different TID levels for W/L=1um/0.06um NMOS devices from 65nm 
technology (Vds=1.2V) (linear scale in the right and logarithmic scale in the left) [23]. 11

 Figure 1.17: Id-Vg curves at different TID levels for W/L=1um/0.06um PMOS devices from 65nm 
technology (Vds=-1.2V) (linear scale in the right and logarithmic scale in the left) [23].
........................................................................................................................................11

 Figure 1.18: On-Current versus TID level for (a) NMOS devices and (b) PMOS devices for different 
lengths devices [23].........................................................................................................12

 Figure 1.19: Clarification of the position and the composition of spacers which are developed to 
allow implantation of the lightly doped drains [16].........................................................12

 Figure 1.20: Involved mechanisms of radiation induced short channel effects [16]............................12

Figure 1.21: Sketch of Enclosed Layout Transistor (ELT) [24]............................................................13

 Figure 2.1: Intra-device leakage is modeled as several thin, medium, and thick SWTs connected in 
parallel to the as drawn FET [5]......................................................................................16

 Figure 2.2: Cross-section of NMOS device illustrates parameters associated with each elementary 
SWT [30].........................................................................................................................17

 Figure 2.3: Cross-section of the NW FOXFET (W = 200 μm, L= 1.5 μm) used by Esqueda to model 
VIII



TID-induced inter-device leakage [6]..............................................................................17

 Figure 2.4: 2-D Structure representation of an NFET sidewall [3]......................................................19

Figure 2.5: NFET sub-circuit that replaces the regular one in a given design [3].................................19

Figure 2.6: Band diagram of an MOS capacitor with a positive gate bias, indicating major physical 
processes underlying radiation response [7]....................................................................20

Figure 2.7: Electric field profile in oxide for pre-rad and after time t=t1 of radiation exposure (for 
NMOS devices)...............................................................................................................21

 Figure 2.8: Defect-based Spice modeling approach of Esqueda, and Barnaby [31]............................26

 Figure 2.9: (a) Cross-section of NMOS transistor along is width. (b) Schematic clarification of the 
charge conservation principle [33]..................................................................................27

Figure 2.10: Electric field profile in oxide for pre-rad and after high radiation dose (for NMOS 
devices)...........................................................................................................................30

Figure 2.11: The trapping and de-trapping rates resulted from Esqueda’s reduced form equations and 
from our generalized form equations (trapping rate from region1 stands for the trapping 
rate resulted from the generated holes in region 1, while de-trapping rate from region1 
stands for the de-trapping rate resulted from the generated electrons in region 1) 
(Tox=425nm, Vgb=1.0V)................................................................................................32

Figure 2.12: The net trapping and de-trapping rates resulted from Esqueda’s reduced form equations 
and from our generalized form equations (Tox=425nm, Vgb=1.0V)...............................32

Figure 2.13: The oxide traps density and the interface traps density resulted from the Esqueda’s 
reduced form equations and from our generalized form equations..................................33

Figure 2.14: E1 and E2 as calculated using the Esqueda’s reduced form equations and from our 
generalized form equations.............................................................................................33

Figure 2.15: Electric field profile in oxide for pre-rad and after time t=t1 of radiation exposure (for 
PMOS devices)...............................................................................................................35

 Figure 2.16: The flow chart illustrates how to get SWTs’ Spice model from their physical structure 
model..............................................................................................................................37

Figure 2.17: Cross section of NMOS device along its width, illustrating the parameters describing 
each SWT........................................................................................................................37

 Figure 2.18: Sketch of the Proposed 2D physical Structure of SWT...................................................37

 Figure 2.19: Methodology to get the physical structure model of the as drawn FET, knowing its Spice
model..............................................................................................................................38

 Figure 2.20: Our Defect-based Spice modeling approach...................................................................38

 Figure 2.21: Ids versus Vgs of a SWT for different values of Not with Dit=0 (dashed lines are for 
Esqueda’s approach in [31] using VCVS, and solid lines are for our approach using fixed
VS ) (logarithmic scale)..................................................................................................40

 Figure 2.22: Ids versus Vgs of a SWT for different values of Not with Dit=0 (dashed lines are for 
Esqueda’s approach in [31] using VCVS, and solid lines are for our approach using fixed
VS ) (linear scale)............................................................................................................40

 Figure 2.23: Ids versus Vgs of a SWT for different values of Nit with Not=0 (dashed lines are for 
Esqueda’s approach in [31] using VCVS, and solid lines are for our approach using fixed
VS ) (logarithmic scale)..................................................................................................41

 Figure 2.24: Ids versus Vgs of a SWT for different values of Nit with Not=0 (dashed lines are for 

IX



Esqueda’s approach in [31] using VCVS, and solid lines are for our approach using fixed
VS ) (linear scale)............................................................................................................41

Figure 2.25: Cross section of the as drown NMOS transistor along its width......................................43

Figure 2.26: Flow chart of the proposed methodology to build the TID-aware Spice models of bulk 
CMOS transistors............................................................................................................44

 Figure 3.1: A comparison between Ids versus Vgs for a BSIM4 Spice model simulated in NgSpice 
simulator and Scilab software.........................................................................................45

 Figure 3.2: A comparison between Ids versus Vds for a BSIM4 Spice model simulated in NgSpice 
simulator and Scilab software.........................................................................................46

 Figure 3.3: Geometry of devices used in parameters extraction algorithm.........................................47

 Figure 3.4: Structure of the implemented parameters extraction algorithm for BSIM4 model............48

Figure 3.5: Sketch of the physical structure of bulk NMOS transistor.................................................49

 Figure 3.6: Cross-section of the NW FOXFET used by Esqueda in his experiments (W = 200μm, L= 
1.5μm) [6].......................................................................................................................51

 Figure 3.7: The extracted Not and Nit versus total ionizing dose level for two FOXFET devices of 
0.9um, and 1.5um channel lengths [6].............................................................................51

 Figure 3.8: Surface potential versus gate voltage at different levels of total ionizing dose, and the 
inset shows the defect potential versus gate voltage for the same dose levels [6]............52

 Figure 3.9: Our solution of the surface potential equation versus gate voltage at different levels of 
total ionizing dose (using Scilab)....................................................................................52

 Figure 3.10: Calculated defect potential (φnt) versus gate voltage at different levels of total ionizing 
dose (using Scilab)..........................................................................................................53

 Figure 3.11: Densities of radiation-induced defects versus total absorbed dose..................................53

Figure 3.12: Oxide electric fields versus total ionizing dose for an NMOS capacitor (tox=100nm, 
Na=7.8e17cm-3).............................................................................................................55

Figure 3.13: Hole trapping and de-trapping rates versus total ionizing dose for an NMOS capacitor 
(tox=100nm, Na=7.8e17cm-3)........................................................................................55

Figure 3.14: Oxide radiation induced defects versus total ionizing dose for an NMOS capacitor 
(tox=100nm, Na=7.8e17cm-3)........................................................................................56

 Figure 4.1: TID-induced intra-device leakage and threshold voltage shift versus TID for 130nm bulk 
NMOS and PMOS devices [22, 52]................................................................................57

 Figure 4.2: The structure of the FOXFET device used in [52] to study the evolution reasons of TID-
induced leakage in bulk CMOS devices..........................................................................58

 Figure 4.3: Ids versus Vgs of the FOXFET device for four TID levels [52].......................................58

 Figure 4.4: Donors profile of the calibrated PS model of the 130nm-PTM NFET..............................60

 Figure 4.5: Acceptors profile of the calibrated PS model of the 130nm-PTM NFET..........................60

 Figure 4.6: Acceptors doping in the substrate versus depth for 130nm-PTM NFET (zero depth just 
under the gate oxide).......................................................................................................61

 Figure 4.7: Acceptors profile of the calibrated PS model of the 130nm-PTM PFET...........................61

 Figure 4.8: Donors profile of the calibrated PS model of the 130nm-PTM PFET...............................61

X



Figure 4.9: Donors doping in the substrate versus depth for 130nm-PTM PFET (zero depth just under 
the gate oxide).................................................................................................................62

 Figure 4.10: Ids versus Vgs of the 130nm-PTM NFET’s Spice model, and its calibrated PS model for 
a long channel device operated in linear region...............................................................62

 Figure 4.11: Ids versus Vgs of the 130nm-PTM NFET’s Spice model, and its calibrated PS model for 
different device lengths...................................................................................................62

 Figure 4.12: Ids versus Vgs of the 130nm-PTM NFET’s Spice model, and its calibrated PS model for 
a short channel device operated in saturation region.......................................................63

 Figure 4.13: Ids versus Vds of the 130nm-PTM NFET’s Spice model and its calibrated PS model for 
different gate biasing conditions......................................................................................63

 Figure 4.14: Ids versus Vgs of the 130nm-PTM PFET’s Spice model, and its calibrated PS model for 
a long channel device operated in linear region...............................................................63

 Figure 4.15: Ids versus Vgs of the 130nm-PTM PFET’s Spice model, and its calibrated PS model for 
different device lengths...................................................................................................64

 Figure 4.16: Ids versus Vgs of the 130nm-PTM PFET’s Spice model, and its calibrated PS model for 
a short channel device operated in saturation region.......................................................64

 Figure 4.17: Ids versus Vds of the 130nm-PTM PFET’s Spice model and its calibrated PS model for 
different gate biasing conditions......................................................................................64

Figure 4.18: Depletion charges per unit volume versus depth (zero depth is at the interface between 
the gate oxide and silicon) of the as drawn NMOS device for two bulk biasing conditions
Vbs=0V, and Vbs=-1.2V..................................................................................................65

 Figure 4.19: Depletion charges per unit volume versus depth (zero depth is at the interface between 
the gate oxide and silicon) of the as drawn PMOS device for two bulk biasing conditions 
Vbs=0V, and Vbs=-1.2V..................................................................................................65

 Figure 4.20: The implemented physical structure of one sidewall transistor (acceptors doping profile).
........................................................................................................................................67

Figure 4.21: The implemented physical structure of one sidewall transistor (donors doping profile).. 67

Figure 4.22: Oxide traps density versus total ionizing dose for the four sidewall transistors of 130nm-
PTM n-FET.....................................................................................................................68

Figure 4.23: Interface traps density versus total ionizing dose for the four sidewall transistors of 
130nm-PTM p-FET.........................................................................................................69

Figure 4.24: Oxide traps density versus total ionizing dose for the four sidewall transistors of 130nm-
PTM p-FET.....................................................................................................................69

Figure 4.25: Interface traps density versus total ionizing dose for the four sidewall transistors of 
130nm-PTM p-FET.........................................................................................................69

 Figure 4.26: Ids versus Vgs of SWT1 (of 130nm-PTM n-FET) under different levels of TID (TID in 
rad)..................................................................................................................................70

 Figure 4.27: Ids versus Vgs of SWT2 (of 130nm-PTM n-FET) under different levels of TID (TID in 
rad)..................................................................................................................................70

 Figure 4.28: Ids versus Vgs of SWT3 (of 130nm-PTM n-FET) under different levels of TID (TID in 
rad)..................................................................................................................................71

 Figure 4.29: Ids versus Vgs of SWT4 (of 130nm-PTM n-FET) under different levels of TID (TID in 
rad)..................................................................................................................................71

XI


