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Abstract

As CMOS technology dimensions are being aggressively scaled to reach a limit where de-
vice performance must be assessed against fundamental limits, nanoscale device modeling
is needed to provide innovative new MOS devices as well as to understand the limits of the
scaling process. This thesis describes advanced modeling of nanoscale MOSFETSs from the
viewpoint of device physics, which consists of three parts — gate, source/drain, and chan-
nel modeling. In the gate modeling part, MOS C-V characteristics of gate oxide in the
sub 2.0 nm region are modeled with an empirical, hybrid formulation for QM corrections
implemented in a 2D device simulator. The sharp decrease in capacitance for gate oxides
below 2.0 nm is modeled by using a distributed RC network that includes the gate tunneling
current which is calculated using a Green’s function solver. Conversely, a reconstruction
technique to extract the intrinsic gate capacitance, based on distortdd curves in high
leakage dielectric MOSFETSs has been developed. An accurate direct tunneling model for
circuit simulation is developed that incorporates an explicit surface potential model and
guantum-mechanical corrections. In addition, CMOS circuit robustness in the presence of
gate tunneling currents has been studied using circuit simulation, combined with a macro-
circuit model of gate tunneling current and analytic estimation of the effects. Based on the
simulation study, expected values of oxide thickness, needed to ensure the off-state gate
leakage requirement of the ITRS roadmap, are outlined.

The source and drain modeling part describes parasitic resistance issues of the source



and drain regions in the presence of very shallow junction depths. It addresses accurate
modeling of the extrinsic resistance and application in the modeling of ultra-shallow junc-
tion MOSFETS in order to optimize device performance. Analysis and optimization of
device performance for an experimental process technology called Laser Thermal Process
(LTP) are also discussed.

In the channel modeling part, a simple MOSFET on-current model, taking into account
the off-equilibrium transport is proposed based on use of Lundstrom’s carrier transport
model formulation, augmented with analytical calculations that are calibrated using Hydro-
Dynamic (HD) carrier transport simulations. The model shows good agreement with these

simulation results for 50 nm MOSFETSs.

Vi



Acknowledgments

First of all, | would like to acknowledge my adviser, Professor Robert W. Dutton. He
has been a great mentor with his management skills and enthusiasm. He also has been an
exceptional role model of life. He has done his utmost to help relieve concerns that his
advisees have. It has been memorable that he encouraged and supported me while | was in
deep depression.

| also would like to thank my associate adviser, Professor Krishna Saraswat, who gave
me strong motivation in my research throughout his classwork. | am indebted to Dr. Zhip-
ing Yu, who served on my oral exam and reading committees. His incisive comments were
a great help whenever | met unsolved problems. | am also grateful to Professor Dan Boneh,
who agreed to be the chairman of my oral committee in spite of his busy schedule.

| wish to thank the National Science Foundation (NSF) for support of this work through
the Distributed Center of Advanced Electronics Simulations (DesCArtES). Special thanks
go to Fely Barrera, Daniel Yergeau, Miho Nishi and Maria Perea for all their help. | also
thank friends in the Center for Integrated Systems (CIS) and the Stanford TCAD group for
their helpful discussions and friendship: Hyun-Jin Cho, Jung-Suk Goo, Kwang-Hoon Oh,
Wonill Ha, Jaejune Jang, Ki-Young Nam, Moon-Jung Kim, Tae-Young Oh, SoYoung Kim,
Xin-Yi Zhang, Xiaoning Qi, Michael Kwong, Yi-Chang Lu, Atsushi Kawamoto, Choshu
Ito, Dr. U-In Chung, Dr. Chin-Shan Hou and prof. Ming-Jer Chen.

| would like to acknowledge many industrial people: Drs. Amr Bayoumi, Min Cao,

Vil



Paul Vande Voorde, Dieter Vook and Carlos H. Diaz of Hewlett-Packard ULSI Laborato-
ries for providing the C-V data; Drs. Ming-Ren Lin and Bin Yu of the Advanced Micro
Devices (AMD) for the data of 50—70 nm MOSFETS; Drs. P.R. Chidambaram, Charles F.
Machala, Dennis Buss and Yoshio Nishi of the Texas Instruments for their help in obtain-
ing the experimental data of polydepletion effects; Mr. Young-Kwan Park, Drs. Kyung-Ho
Kim and Jeong-Taek Kong of Samsung Electronics for their firm support during my PhD
program.

Specially, | am deeply indebted to my family — my mother, my brothers, and my wife,
Ju-Hee, and my kids, Seung-Yeon and Seung-Woo.

Finally, I would like to devote this work to my late father’s memory.

viii



Contents

Abstract . . . . . . %
Acknowledgments . . . . . . . . e Vil
Listof Tables . . . . . . . . . Xii
Listof Figures . . . . . . . . . . e e e Xiii
1 Introduction 1
1.1 Motivation . . . . . . . 1
1.2 Challenges for CMOS Technology . . . . . . . . . . .. .. ... ... 5
1.3 ScopeandOrganization . . . . . . . .. .. ... ... 10
2 GateModeling 13
2.1 Introduction . . . .. . . . . 13
2.2 Gate CapacitanceModeling. . . . . . .. ... ... ... .. ... ... 14
2.2.1 Tunneling through Silicon Dioxide ... . . . . . ... ... ... 14
2.2.2 Polysilicon-Gate Depletion Effects .... . . . .. ... ... ... 17
2.2.3 Quantum EffectsonC-V . .. .. . ... ... ... .. .. ... 28
2.2.4 Anomalous C-V Behavior in Thin-Oxide MOS . . . . . . ... .. 30

2.2.5 QM Models of C-V and Gate TunnelingCurrent . . .. .. .. 34
2.2.6 Equivalent CircuitModeling . . . . . ... ... ... ....... 40



2.2.8 SUMMAry . . . .. 48
2.3 C-VReconstruction. . . . . . . . . . .. . 49
2.3.1 Previous Reconstruction Method . . . . . . .. ... ... ... .. 49
2.3.2 Optimization Technique . . . ... ... ... ... ........ 51
2.3.3 ApplicationResults . . . . . .. ... ... . o 53
2.34  SUMMAIY . . . . e e e e e e e 56
2.4 Performance-based CMOS Scaling . . . . ... ... ... ... ...... 58
24.1 NewCMOSdelaymodel . . . ... ... ... .. ... ...... 58
24.2 ModelEvaluation. . . . . .. ... ... .. 60
2.4.3 DelayOptimization. . . . . . .. ... ... ... .. ... ... 65
244 SUMMAIY . . . . o e e e 67
2.5 Direct Tunneling Current Model for Circuit Simulation . . . . .. ... 69
2.5.1 Surface Potential Based Tunneling Model .. ... . . . ... ... 69
2.5.2 Quantum-Mechanical Effects . .. ... ... ... ... ..... 72
2.5.3 ResultsandDiscussions . . . . . ... .. ... 73
254 SUMMAIY . . . . e e e e e e e 83
2.6 Impact of Gate Tunneling Current on Circuit Performance . ...... .. 84
2.6.1 Introduction . . . . . . . . . ... .. 84
2.6.2 GateCurrentModeling . . . . ... ... . ... .. ... .. ... 85
2.6.3 Circuit Application . . . . . .. ... ... ... ... .. ..., 93
2.6.4 Review of ITRS Oxide ScalingRoadmap . . . ... ... ..... 110
2.6.5 Summary . . ... 111
3 Sourceand Drain Modeling 113
3.1 Introduction . . . .. . . ... 113

2.2.7 Channel Length Dependence of Gate Current . . . . .. ... ... 44



3.2 Shallow SDE Effects on External Resistance . . . . . . .. ... ... ... 114

3.2.1 Source/DrainResistance . . .. ... ... ... ... ....... 114
3.2.2 Calculation of External Resistance . . . . . .. ... ... ..... 119
3.2.3 Shallow SDE and Gate Overlap Effects . . . . .. .. ... .. .. 123
324 SUMMANY . . . . e e e e e 129
3.3 Analysis and Optimization of 70 nm Laser Thermal Processed MOSFETs . 130
3.3.1 DopantProfilesof LTPandRTP . . . . . .. ... .. ....... 131
3.3.2 Calculation of External Resistance . . . . . ... ... ....... 136
3.3.3 Device Optimization in LTP Transistor . . . ... ... ... ... 139
3.3.4  Summary . ... e e 143
Channel Modeling 144
4.1 Introduction . . . .. . . .. 144
4.2 Non-local Effectsin SmallDevices . . . . . . ... ... ... ....... 146
4.3 Fundamental Drain CurrentModel . . . . .. .. ... ... ...... 147
4.4 Mobility and External Resistance Modeling. .. . . . . . .. .. ... .. 156
4.5 Potential and E-field Modeling . . . . . ... ... ... ... L. 157
4.6 SUMMAIY . . . . . o o e e e e 163
Conclusions 164
5.1 Introduction . . . .. . . . . e 164
5.2 GateModeling . . ... .. . . . e 165
5.3 Source/DrainModeling . . . . . ... . . 166
54 ChannelModeling . . ... . ... . . .. ... 167
5.5 Recommendations for Future Work . . . . . .. .. .. . oL 168

Xi



List of Tables

1.1 ITRSroadmap (2000 Edition) ... . . . . .. ... ... .. ... .. .. 8
2.1 Optimized parameters for target delays being 10, 16, and 22 ps when fanout
is 1, 2, and 3, respectivelfky = 1V, toppny = 20A). . . .. ... 66
2.2 ITRS logic technology roadmap (2000 edition) [3] and oxide thicknesses to
ensure edge direct tunneling leakage (dielectrics witf2e,, are assumed
for 2005-2011node). . . . . . . .. e 112

xii



List of Figures

11

1.2

1.3

1.4

2.1

2.2

2.3

2.4

2.5

Short channel effectina MOSFET. . . . . . . . . . . . . ... .. ..... 3

Recent reported,,,; values with respect to the channel length reduction

by several industrial technologies, adopted from [12][13]. . . ...... . . 5
A cross-section of a state-of-the-art CMOS (After [15]).. . . . . .. .. .. 6
Device physics issues for future MOSFETS. .. . ... ... ... ... 10

Electron tunneling through oxide layer in a MOS capacitor. (a) energy-
band of an m-poly/oxide/p-Si MOS at flat-band condition. (b) Fowler-
Nordheim tunneling. (c) direct tunneling (After [27]).. . . . . . . . . .. 16

Band diagram of a poysilicon-gate depleted N-channel MOS capacitor (Af-
ter [27]). . . . . e e e 17

C' — V curves of N-channel MOS capacitors in the presence of polysilicon

depletioneffects. . . . . . . .. . . . . 18

Potential distribution of MOS from the top of the poly-gate to the silicon

substrate considering poly-depletioneffects. . . . . ... ... .. ... .. 20

Non-uniform, graded impurity distribution and corresponding energy-band
diagram, showing the built-in electric field() and potential dropAV,:)
inthedepletion. . . . . . .. .. . ... 21



2.6 Polydepletion effect depending on the gate lengths; effective depletion
width becomes wider as gate length is scaled down, leading to additional
potential dropAV,e. . . . . . L 22

2.7 Impact of non-uniform dopant distribution on poly-depletion effects. (a)
comparison between non-uniformi() and uniform (‘B’) dopant distribu-
tion, (b) potential dropl(,) across the poly-gate ford” and ‘B’ cases. . . . 23

2.8 Channel length-dependent poly-depletion effects for non-uniformly doped
gates; depletion widthz() of L, = 35 nm is wider than that of, = 100
nm due to the additional depletion in sidewalfsl(,,). . . . . ... .. .. 25

2.9 Simulated potential drops across poly-gates for various uniform impurity
profiles. . . . . . e e 25

2.10 Simulated non-uniform dopant profiles and corresponding potential drop
(V,), (8) non-uniform dopant profile generated from 2-D process simula-
tion, (b) simulated potential drop in poly-gate. . . . . . .. ... ... ... 26

2.11 Simulated gate capacitance of p-channel MOS capacitors for gate lengths,
considering poly-depletion effects by non-uniform doping € 2.0 nm).

(a) simulated vertical dopant profile. (b) gate capacitaficg for gate

lengths (, = 250, 100, 50, and 25 nm). corrected for overlap capacitance
(Cov); (Cy — Cop) [ (Coz — Cop). (€) Cinw/Cop vS. gate lengths. (d) experi-
mentalC,,/C,. VS. gate lengths from Texas Instruments. . . . . . ... .. 27

2.12 Quantum-mechanically calculated band banding and electron concentra-
tion distribution. (a) band banding and energy levels of inversion-layer
electrons, kis the ground state. (b) comparison between classical and QM
calculations of electron profile. . . . . . . . ... ... ... ... .. ... 29

2.13 Comparison between an ideal and réal —V curves of thin oxide MOS-

FETS. . . . e 31

Xiv



2.14 Measured gate capacitance curves for thin gate okjgde (1.5, 1.8, and
2.1 nm) N-MOSFETSs from the Hewlett-Packard (HP) Labs. . . ... . .. 32
2.15 Small-signal equivalent MOS capacitor models. (a) single RC parallel
circuit model of the measurement systems (LCR meter). (b) more accurate
circuit model including series resistande,f. . . . . . . .. ... ... .. 33
2.16 Simulated and HP experimenfal- V' curves for N-MOSFET with,, =
1.5 and 2.1 nm, circles denote measurements and lines indicate QM device
simulation results. (a),, = 2.1 nm. (b)t,, = 1.5 nm. Note that QM
capacitance modeling without considering gate current cannot predict the
distortedC — V curve fort,, <2.0nm. . . . . . . .. .. . ... .. ... 37
2.17 Electron wavefunction penetration through oxide layer. . . . .. . .. 38
2.18 Measured gate tunneling current from HP Labs., compared with the simu-
lated one using 1D Green’s function solver fgy = 1.3, 1.5, and 1.8 nm,
respectively. . . . . . . 39
2.19 Equivalentcircuit approach for ultra-thin gate oxide MOS with the source/drain
grounded. (a) top view of the MOS structure with gate current flows. (b)
distributed RC network used in this work. (c) RC circuit model used in
capacitance measurements. . . . . . ... ..o e e 41
2.20 Simulated abnormal gate capacitance((};,)) obtained from the AC net-
work analysis using the equivalent circuit in Figure 2.19(b) (lines), symbols
represent measured HP datafgr=1.3,1.5,and 1.8 nm. ... .. .. .. 43
2.21 Quasi-Fermi potential distribution along the channel gtaw,, = 1.0 V
for various channellengths. . . . . . ... ... ... ... ........ 45
2.22 Modeling of gate tunneling current considering the drain bias effects, (a)
equivalent circuit for a NMOS when the drain bias is given, (b) gate tun-

nelingecurrent{y = Ips + Lpa). . . o o v v v i i 46

XV



2.23 Drain bias and gate channel length dependence of gate tunneling current of
top = 1.5 nm, (a)l, versusVy, for L, = 0.5 and 1.Qum whenV,, = 1.5V,
note that/, of L, = 1.0pxm is more than twice than that &f, = 0.5um, (b)
experimental ([43]) and modeldd with respect ta_,’s at saturation mode

(Vo =Vas =15V, oo 47

2.24 Reconstructed — V' curves after the method in [24], circles represent the
intrinsic C' — V, and dotted and solid lines represent reconstructed
Vs for the applied frequencies of 100 kHz—1 MHz and 100 kHz-5 MHz,

respectively. . . . . . L 50

2.25 C' — V reconstruction results using the proposed technique. (a) measured
(circles) from the North Carolina State University (NCSU) and reconstructed
(solid line)C'—V curves by using the distributed RC network and optimiza-
tion technique, dashed line indicates theoret€al- V' with QM device
simulation. (b) comparison of extractéd— V' curves with respect to the
number of segments in the RC ladder network, circles denote the measured
anomaloug” — V' and lines show the reconstructed intrinsic capacitance

for the different number of segments—1, 20 and 40 segments. . . . . .. .. 54

2.26 Optimization results, measuréd,/G,, from NCSU, compared to final

C/G (Im(Y;,)/Re(Y3,)) after theC' — V reconstruction. . . . . ... ... 55

2.27 Determination of effective channel length.{; = Lgrqun — AL) and

source/drain resistanc&{; = R;,: — R.;) using the paired, method. . . 61

2.28 Comparisons of Idsat values between obtained from device simulation and

Equation (2.16) as a function of physical gate oxide thickness.. . . . . 62

2.29 Calculated CMOS propagation delays as functions of the physical gate ox-

ide thickness and thefanouts. .. .. . . . . . . . . . . ... ... ..... 63

XVi



2.30 Comparisons of experimental (HP) and simulated MOS C-V (classical

Fermi-Dirac and QM correction models). . . . . . ... ... . ... ... 64

2.31 Normalized MOS gate capacitance versus physical oxide thickness.

2.32 Effective (electrical) gate oxide thickness,) as a function of physical

oxide thickness. . . . . . . . . . . 66

2.33 Effective (electrical) gate oxide thickness,] as a function of physical

oxidethickness. . . . . . . . . . . .. 67
2.34 CMOS speed optimization using the compact delay model. . . . . . . . ..

2.35 Direct tunneling of electron infRpolysilicon / SiQ / p-Si MOS structure

(Vor < PB). « v o e e e 70
2.36 \oltage drop at oxiddf,) with respect to the applied gate bias tgy =

1.5 nm. Comparisons betweép, =V, approximationV; - V,,,, and the

surface potentialbasedmodel. . . . . ... ... ... ... .. L. 7

2.37 Simulated gate current curves usingapproximationV, - V,.,, and the
surface potential based model, symbols are obtained from NEMO, an ap-

proximated Schodinger equation solvertf. =1.5nm). . . . . ... .. .. 75

2.38 Results of the compact model. (a) gate current§sy using the compact
model for different,,’s (1.3, 1.5, and 1.8 nm), symbols denote gate current
from the NEMO simulator [38]. (b) comparison between gate currents

using the compact model and measured HP data for diffeygmtilues. . . 76
2.39 (a) Gate and series resistanBg &nd iz;) effects associated with gate cur-

rent (/,) in ultra-thin oxide, large area MOS transistor. (b) Circuit model

of gate tunneling current for circuit simulatiofy (= I,s + Iyq). . . . . . . . 77
2.40 Simulated gate tunneling current versysfor differentV,,, L, = 10 um

andt,, =1.5nNm. . . ... e e e 79



2.41 Gate length dependence of gate tunneling curremfat V,; = 1.5 V
for t,, = 1.5 nm, the simulated slope is comparable with ref. [41] due to
considerationof DIBL. . . . . . . . . . . . . . . ... 79
2.42 Simulated drain current,) versusl; for ¢,, = 1.5 nm, (@)L, = 20 um (b)
Ly=500M. oo 80
2.43 Transient circuit simulation results with the gate current model, (a) test cir-
cuit with NMOS (W#/L = 100 pum/20 ym andt,, = 1.5 nm) and 0.1 pF
capacitor, (b) simulated voltages at node ‘A" with and without gate tunnel-
ingcurrentmodels. . . ... 82
2.44 lllustration of gate direct tunneling components of a very short-channel
NMOSFET.I,, and/,, are edge direct tunneling (EDT) currents. . . . 85
2.45 Gate bias dependent band diagrams and electron tunneling in the channel
(I,.) and the gate edg€d (, andl,,). (a)V, > 0V (inversion mode). (b)

Vip < Vy <0V (depletionmode). . . . ................... 87
2.46 Simulated gate currents using MEDICI [30] and comparison with the mea-

sured HP data for a long channél,(= 100;:m) NMOSFET. . . . ... .. 89
2.47 Simulated,, 1,5, andl,, (= Iyc+1y50+1440) for an NMOSFET witht,, =

15nmandl, =50nm.. . . ... ... .. 90

2.48 Simulated, (= I,.+1,50+1,40) for differentt,,’s ranging 1.1 — 1.8 nm and

2.49 Transient simulation by using MEDICI for a single off-state NMOS tran-
sistor witht,, = 1.3 nm,L, =70 nm and/¥ = 10um. (a) discharge through
a single off-transistor},,; (t = 0) = 2.5 V. (b) comparison o¥,,; values
between with and without the direct tunnelingmodel. . . . . . . . . .. 92
2.50 A macro-circuit model for direct tunneling current combined circuit simu-

[ation. . . . . . . . e 93



2.51 Vo andV, modeling considering gate tunneling currents of a CMOS
inverter. (a)V;,, = logic-low =0 V. (b)V;,, = logic-high=V,;. . . . . . . .. 95
2.52 CMOS inverter simulation results including gate direct tunneling for three
gate oxide thicknessesy; = 2.5V (GC,,; = 0.08 pF (FO4) and.,, = L, =
50 nm). (a) input and output waveforms. (b) power consumptians.. . . 96
2.53 DominoCMOS AND-2gate. . .. . . . . . v v it 99
2.54 Simulated waveforms of the domino AND-2 gate. (a) clock and input sig-
nals. (b) output waveforms far;; =25V. . ... .. ... ... ... .. 100
2.55 Simulated waveforms of the domino NAND-2 gate ¥Q; = 1.5 V. (a)
clock and inputs (b) output waveforms. . ... ... .. ... ... ... 101
2.56 Modeling of discharge and charge sharing behaviors during first evaluation
period of domino AND-2 gate. (a) discharge through tunneling resistance
beforeV, switches to logic-high#(= 0.20—-0.23us). (b) charge sharing of
C, with C; after thel/, switches to logic-high#(> 0.23us). . . . . . . .. 102
2.57 CMOS sample and hold (S/H) circuit and simulated waveforms for differ-
entt,;'s. (&) CMOS S/H circuit schematic and RC circuit model during
hold period. (b) waveforms for,, = 2.5 V. (c) waveforms fo#;; = 1.5 V. . 105
2.58 Simulated gate tunneling currentlgf = 50 nm NMOSFET with an alter-
native gate dielectric of 9N, x = 2¢,, and thicknessis2.6 nm. . . .. .. 108
2.59 \oltage bootstrapping circuit and simulation results. (a) circuit schematic
and its equivalent circuit whel;,, switches to 0 V. (b) simulated wave-
forms with an alternative gate dielectric {8i,) and pure oxides. . . . .. 109
3.1 External resistance components in source/drain extension (SDE) inan NMOS-
FET. (a) resistance componenis,(. : accumulationp;, : spreadingR.,
. contact,R,, : sheet resistances.) (b) current flow and resistivity compo-

NENTS. . . . . e e e e 116

XiX



3.2

3.3

3.4

3.5

3.6

3.7
3.8
3.9
3.10

Comparisons of experimental (HP Labs.) and simulated total resistance
(Riot = Rsq + Rep) Of Legp = 0.25 um NMOS for V, = 0.1V, the uni-
fied mobility model for inversion / accumulation layers is used in device

simulation. . . . . . . e, 122

Simulated external resistance with respedttabias (/zs = 0.05 V). L.
=0.08pm andX; =40 nm. (a) Resistivity along the channel directigy,
=2.0nm. (b)R..: (= R, + R,) with respect td/,, whent,,’s are 2.0 and

4.0 nm, respectively. . . . . .. 125

The ratios of?,,:/R,» andR,../ R, for different drawn gate lengthd ()
ranging from 0.25 to 0.04m, V,, = 1.5V andV,;, =0.05V . ... .. .. 126

Simulated external resistance with respect to the source-drain extension
(SDE) depth & ;) whenV,, = 1.5V andV,, =0.05V (L.;s = 0.08:m and

tor = 4.0 nm). (@) Resistivity along the channel direction 1or= 40, 50,

and 65 nm. (b)R..: (= R, + R;) with respect to differenk; andL,,. . . 127
External resistance with respectXg in the saturation regionl(; =
0.08um andt,, = 4.0 nm). (a)R.,: with respect taX; in the saturation
region,Vy, =V, = 1.5 V. (b) Simulated on-curreni,) for different SDE

X;'s atV,, = 1.0V, eachV,,, for differentX;’s is chosen at th&;; when

1 nA/um of off-leakage currentis produced. . . . . .. .. ... ... ... 128
Comparison of lateral source/drain profiles (After [84]). . . . . . . . . . .. 131
Process flow for an LTP NMOS transistor (After [85]). . . . . ... .. .. 132
Measured, -V, and |;,—V,, of the AMD 70 nm LTP NMOSFETs. . . . . 133

Arsenic dopant profiles for LTP (SIMS and process simulation) and RTP
(process simulation), Arsenic implant dose and energy arg08'/cm?

and 2 KeV, RTP temperature and time are 1@.&nd 5 seconds, respectively.134

XX



3.11 Comparisons of simulated arsenic dopant profiles (contour) of 70 nm NMOS

transistor, (a) LTP case, (b) RTPcase. . . . ... ... ... ... ..... 135
3.12 Simulated net dopant profiles along the silicon surface for LTP and RTP. . . 136

3.13 Measured (AMD) and simulated total resistanBg,ER.,+Rsq) VS. Vs
using the unified mobility model/;; = 0.1V andZL, = 70 nm NMOS. . . . 137
3.14 Computed sheet resistivity along the channel direction for LTP and RTP
devices, (a) comparisons of resistivity distributions for LTP and RTP, V
=15V and V,; = 0.1V (b) variations of sheet resistivity vs. gate biases
forLTPcase, Vi, =0.1V. . . . . . . . . e 138
3.15 I, andC,, versusL,, for LTP and RTP devices. (d),, of LTP and RTP
for different gate overlapsi(,,), I,, was chosen at the drain bias\V,.).
producing off-currentd, ;) of 1 nA/um (V,; = 0.9 V). (b) Normalized,,
and gate overlap capacitancg,() for various overlap lengthd(,). . . . . 140
3.16 R.,: andI,, current for various SDE junction depth& ) in LTP process,
(@) Regt vs. X (V4s =0.1Vand V,, =1.2V), (b) I, vs. X; (Vgs's at I,y

=1nAumandV,;=09V). ... ... .. ... 141
3.17 Computed sheet resistivity along the channel direction for different SDE

depths ;). . . . . . . . . 142
3.18 Impact of spacer length on external resistance and on-current. .. .. .. . 142
4.1 Regions of validity for various device simulation models (After [89]). . . . 145

4.2 Essential physical picture for carrier transport in MOSFETS, after [94]. (a)
conduction band from the source and drain, (b) fluid flow analogy under
highdrainandgatebias. . ... ... ... ... ... ... ... ..... 149

4.3 MOSFET showing source and drain external resistance, effective (intrinsic)

gate voltage isdenoted by, . . . . . .. ... 151

XXi



4.4 (a) NMOSFET structure with, = 50 nm,V; = 0.28 V, X; = 30 nm, and
tox = 2.5 nm. (b) Electron velocities along the channel obtained from HD
and DD transport models for the, = 50 nm NMOSFET, HD has been
calibrated according to the Monte-Carlo resultsinref. [90]. . ...... . . 153
4.5 Simulated drain current and carrier velocity. (a) Simulated drain current
between HD and DD modeld;;; = 1 V. (b) Electron velocity near the
source extracted from hydrodynamic simulation resif,= 1 V. (c) I4s
comparison between HD simulation and Equation (43)=1V. . . . .. 155
4.6 Potential and electric field distribution for HD and DD device simulation
(a) Quasi-Fermi potential distribution along the channel for HD and DD
models,L, = 50 nm andV,; = V= 1 V. (b) Lateral electric field distribu-
tion along the channel between HD and DD models, and relationsimg
Ex(0M), Voo =Vaem IV Lot 159
4.7 Potential and electric field distributions calculated by using Equation (4.6)
anddV/dz. Vs = 1V, symbols represent HD simulation results. (a) poten-
tial(b)e-field. . . . ... ... .. 160
4.8 Critical distancelf from the source calculated by using Equation (4.8). . . 161
4.9 Calculated®x (07) for drain bias based on Egs. (4.6) and (418)=1 V. . . 162
4.10 Drain current by using the propose@) model, symbols represent HD

simulation,V,, =V =1V, . . . .00 162

XXii



Chapter 1

| ntroduction

1.1 Motivation

CMOS technology dimensions are being aggressively scaled to reach a plateau where de-
vice performance must be assessed against fundamental limits. At the same time, there
has been concurrent scaling of supply voltage in concert with device dimensions to keep
power manageable and in order to meet reliability requirements. For logic devices, in-
creased power consumption is a big concern with increases in clock speed. The reduction
of the supply voltage is the most effective method to reduce the power. However, reduced
drive current for high speed circuit operation offsets gains due to power reduction. For this
purpose, aggressive reduction of gate oxide thickness as well as gate length is desirable [1].
In practice, the major constraint, limiting the performance of sub-100 nm devices, is the
thickness of the gate insulator.
The insulator, currently using silicon dioxide, is 2—3 nm thick and further scaling

requires reduction to 1.5 nm by 2004, which corresponds to about 5 layers of silicon

atoms [2]. According to the CMOS technology roadmap proposed in November 2000 by
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the International Technological Roadmap for Semiconductors (ITRS) [3], device designers
would like to use 1.5 nm insulator layers as early as 2001, although it may not be practical
in production until 2004 [4]. In this thin gate oxide regime, the direct tunneling will be
exponentially increased, leading to significant power dissipation and device performance
deterioration, which is a primary concern for MOS scaling [2]-[5]. Even though the tun-
neling process does not appear to damage the oxide, the resulting gate leakage can cause
circuit failures because the designs assume that there is no appreciable gate current [5].
Another concern of the gate oxide scaling is the loss of inversion charge and transconduc-
tance due to the quantization of carriers in the inversion layer. Using Quantum-Mechanical
(QM) carrier models, electron energy quantization occurs at the Sii8térface. In the
earliest MOS devices, its effects resulted in a reduction of low-field mobility compared
with values in the bulk silicon. In modern devices, the quantization effects tend to become
more relevant and easily detectable, as higher channel doping concentrations are widely
employed to suppress short-channel effects. As the centroid of the charge distribution is
displaced from the surface, gate capacitance is reduced in accordance withe,, /.. ;

such a reduction is more perceptibletgsis scaled down [6]. It is reported that carriers in

the inversion layer peak at around A®elow the silicon surface and gate capacitance and
inversion charge are both effectively reduced to values of an equivalent oxide which is a
few angstroms thicker than the physical oxide in modern devices [7]. In addition, mobility
degradation of the inversion charge due to the large vertical fields and IR drops in the gate
electrode, in combination with tunneling currents, have become serious concerns. Never-
theless, scaling of the gate dielectric is essential to enhance capacitive coupling between
the gate and the channel that reduces device on-resistance. If the gate insulator cannot be

scaled, device performance will not continue to improve [5].

Another limiting factor on CMOS scaling is the effect of external source and drain
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Figure 1.1: Short channel effect in a MOSFET.

resistance in shallow junction devices [8][9]. One of the fundamental challenges in mod-
ern device performance is the trade-off between short-channel effects and the impact of
source-drain series resistance. When making the gate length small, the space-charge re-
gion near the drain touches the source in alocation below the surface where the gate bias
cannot control the potential, resulting in a leakage current between the source and drain
via the space-charge region, as shown in Figure 1.1 — the so-called short-channel effect of
MOSFETs. For a MOSFET to operate as a VLS| component, the capability of switching
off this current path and suppressing short-channel effectsis a major priority in MOSFET
design [9]. In the on-state, reduction of gate length is desirable to minimize the channel
resistance. However, when the channel resistance becomes as small as the source and drain
resistance, further improvementsin drain current cannot be expected because increases in
these resi stances tend to suppress the short-channel effects. Even though the I TRS roadmap
predicts Source and Drain Extension (SDE) depths as shallow as 10 nm to achievea50 nm
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transistor, too shallow a junction leads to high externa resistance, which in turn results
in degradation of driving current. Therefore, further down-scaling without improvement
of MOSFET performance is meaningless, even if the short-channel effect is completely
suppressed by introducing the shallow SDE.

Recently, several ultra-small transistors that employ shallow SDE junctions have been
reported [10][11]. However, their drive currents have not been improved commensurate
with channel length reduction, as reflected in Figure 1.2. In thisfigure, 1,4, values of the
modern devices (i.e. L, =0.09 —0.25 um), adopted from recently published articles [12],
are compared with those from previous generations of Intel logic technology (i.e. L, =
0.25-1.5 um) [13]. Note that only slight improvementsin drive current are achieved by
the scaling from 0.25 pm to 0.09 xm, which isin contrast to the scaling for long channel
devices, from 1.5 um to 0.25 ym. This poor 1,,,; improvement can be attributed to the
higher external source and drain resistance effects due to the shallow SDE. In design of
sub-100 nm MOSFET s, modeling of the source and drain resistance is needed to accurately
predict the drain current and optimize trade-offs between the short-channel effect and the

driving current.

Recent work also shows that modern devices now operate surprisingly close to their
ballistic limits [14], in which the steady-state current is controlled by how rapidly carriers
are transported across a low field region near the beginning of the channel. In addition,
transistors have reached dimensions approaching the mean distance between carrier colli-
sions, only afew collisions occur as carriers move across the device. Under these circum-
stances, carrier velocity can exceed the saturation velocity, which results in velocity over-
shoot. Thus, the drift-diffusion (DD) theory which treats carrier transport in some average
fashion in thermal equilibrium with the silicon lattice is no longer sufficient; understand-
ing of non-equilibrium carrier transport effects is needed to develop nanoscale MOSFETSs.

For engineering-oriented device design of nanoscale MOSFETS, modeling that provides a
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Figure 1.2: Recent reported 1,,,; values with respect to the channel
length reduction by severa industrial technologies, adopted
from [12][13].

physical view of carrier transport is necessary. One such non-equilibrium transport model
uses the well-known hydro-dynamic (HD) approach from the computational fluid field to

model electron transport.

1.2 Challengesfor CMOS Technology

CMOS transistors with conventional processing technol ogies have been encountering per-

formance limits as the device dimensions and operating voltages are scaed down. To
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Figure 1.3: A cross-section of a state-of-the-art CMOS (After [15]).

overcome these limits while maintaining compatibility with conventional processes, new
technol ogies continue to be developed. Figure 1.3 illustrates important features of a state-
of-the-art CMOS technology [15]-[18]. The gates are fabricated with n or p-type polysil-
icon so that both NMOS and PMOS are surface channel devices. The gates are topped
with ametal silicide to reduce gate series resistance. The gate dielectric must be very thin
to provide sufficient current drive, it is typically around 3 nm for the 100 nm gate length
CMOS generation. The source and drain require shallow, moderately doped extensions

under the gate edges and sidewalls to reduce short channel effects.

Shallow trench isolation between devices involves etched trenches, filling with de-

posited dielectrics, and polishing of the surface, which allows devices to be placed much
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closer together with higher circuit density than with the local oxidation of silicon (LO-
COS). Self-aligned silicide has been introduced in the mid-1980s to reduce source/drain
contact resistance as well as gate resistance. In achieving the shortest possible channel
length, the engineering of the doping profiles in the channel region has been introduced.
Halo implants at the source and drain edges are used to adjust threshold voltages and sup-
press punch-through. It also suppresses source and drain-induced threshold voltage shifts
aswell as drain-induced barrier lowering by shielding the effects of drain potential on the
channel region. This increases junction capacitance, while carrier mobility is reduced due
to the higher impurity scattering terms. Recently, a highly non-uniform 2D dopant pro-
file called super-halo has been introduced. It demonstrated that a properly scaled super-
halo can suppress the potential barrier lowering both in the inversion layer and the body
depletion region, eliminating the need for overly aggressive scaling of source and drain
extensions [19]. The substrate impurity concentration has already reached values above
1.0x10' cm~3. If the concentration is further increased, the source-substrate and drain-
substrate junctions become highly doped p-n junctions and act as tunnel diodes; isolation of
the source and drain from the substrate cannot be maintained [1], which isamajor concern
for the super-halo technology.

There are many technological challenges facing CMOS in the near future; gate oxide
thickness (¢,,), shallow source/drain junction (X ;) and gatelength (L,) are the most critical
dimensions that need to be engineered for future generations of CMOS technology. These

three parameters are now discussed in greater detail.

e Channel length : The gate length isthe smallest feature of the MOSFET patterned by
lithography and etching. From the processing technology point of view, employing

awavelength of the optical lithography light source that is shorter than 193 nm faces
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Table 1.1: ITRS roadmap (2000 Edition)

| year | 1999 | 2002 | 2005 | 2008 | 2011 | 2014 |
DRAM min. feature (nm) | 180 115 80 60 40 30
MPU min. feature (nm) 120 80 65 40 30 20

min. Logic Vg (V) | 1.8-1.5 | 1.5-1.2 | 1.2-0.9 | 0.9-0.6 | 0.6-0.5 | 0.6-0.3

t, equivalent (nm) 2-3 152 | <15 | <10 | <10 | <10

S/D junction depth (nm) | 45-70 | 30-50 | 2540 | 2028 | 1320 | 10-14

many obstacles. Today’s most advanced production lithography equipment uses ex-
cimer laser sources with awavel ength of 248 nm (KrF), producing a resol ution about
0.25 pm. Further improvements in resolution may be attained at the 193 nm wave-
length (ArF) which has demonstrated adequate lithographic resolution down to 0.18
um [2]. Resolution enhancement techniques, such as phase shifting, are capable of
imaging features in 0.10 — 0.12 um. However, there are limited expectations that
these optical lithographic techniques will extend the resolution down to the sub-100
nm regime. For the fabrication of such small devices, optical lithography may be
used for non-critical levels, where the features are defined by electron beam or X-
ray lithography. However, the challenges in implementing X-ray lithography liein
difficulties of mask fabrication; challenges in electron beam technology come from
the low throughput [15]. Even though sub-lithographic feature size may be obtained
either by optical image-transfer techniques or new lithographical sources, these have
yet to be demonstrated in a manufacturing environment. Development of reliable
and manufacturable lithographic techniquesis essential to achieve nanoscale CMOS
technology. However, even if smallest features are successfully achieved due to the
new lithographic sources for printing, electrical effects in the devices — surface scat-

tering, dopant fluctuations [20] and non-equilibrium effects — are critical issuesfrom
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the viewpoint of achieving device performance in nanoscale MOSFETSs.

e Gate oxide thickness: Asindicated in Table 1.1, the thickness of the gate dielectric
must be decreased along with the channel length to enhance the gate control in or-
der to overcome short-channel effects and transconductance degradation. As devices
continue to scaled down, tunneling through the thin-oxide becomes a limiting factor.
Moreover, the tunneling occurs not only in the inversion region, but also in the ac-
cumulation region. Even though the gate voltage is sufficient for the off-state in the
channel, tunneling current is appreciable when the drain isbiased (i.e. off-state |eak-
age current). While the gate leakage current may be at a negligible level compared
with the on-current in the channel of a device, it will affect the chip standby current.
Accordingly, thicker gate insulators with a higher dielectric constant than SO, are
being considered for the range of equivalent oxide thicknesses below 2 nm, as away
to reduce gate tunneling currents [21] [22]. However, the added process complexity
and non-ideal properties at the interface between insulator/silicon are issuesthat have
yet to be solved.

e Junction depth : Junction depths have been controlled by ion-implantation of the
dopants into selected regions; they are limited by diffusion during subsequent ther-
mal cycles. Future generations of technology require steeper doping profile, but
present annealing technology is unable to produce sufficiently steep doping gradi-
ents at the edge of the source/drain regions. Moreever, higher dopant re-activation

while maintaining low resistivity is critical in nanoscale CM OS technol ogy.
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Figure 1.4: Device physicsissuesfor future MOSFETS.

1.3 Scopeand Organization

As traditional MOS scaling methods become |ess effective, nanoscale device modeling is
needed to provide innovative new MOS devices as well as to understand the limits of the
scaling process. Modeling provides insight into the operation of modern semiconductor
devices and circuits, and simulation dramatically reduces the development costs and time-
to-market. Modeling is aso needed to explore new device structures that may operate on

principles different than those currently used [23].

There are several device physicsissues of importance for the future MOSFET, as shown
in Figure 1.4. The challenge facing device model developersis the formulation and effi-
cient numerical implementation of physically-based models that are predictive for practi-
cal device structures. This thesisfocuses on issues of CMOS devices as they are scaled to
nanoscal e dimensions. The main objective of thiswork isto carefully consider TCAD mod-
elsin order to quantify potential roadblocks for MOS scaling. This includes development
of new modeling approaches that are needed, especially with respect to gate tunneling.
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Following this chapter, the thesis describes advanced modeling of nanoscale MOSFETs
from the viewpoint of device physics, which consists of three parts — gate, source/drain,
and channel modeling. The first part of the thesis, Chapter 2, is devoted to a thorough
examination of gate modeling in ultra-thin oxide MOSFETs. Modeling of gate capacitance
in ultrathin gate oxide MOSFETSs is presented based on the experimenta C-V data; it
incorporates quantum-mechanical and direct tunneling effects. In addition, a capacitance
reconstruction method is discussed, based on effects of measured anomalous C-V curves.
A compact direct tunneling current model, useful for circuit simulation, is developed. In

turn, the impact of the gate direct tunneling to circuit performanceis finally considered.

Chapter 3 describes parasitic resistance issues of the source and drain regions. The
modeling of ultra-shallow junctions becomes of great importance, as |ow resistance source
and drain extensions are necessary for future high-performance devices. Thermal budgets
in modern CMOS technology have been reduced to the point that profiles are dominated
by damage, transient annealing and interface effects. In terms of process modeling, ob-
taining parameters for diffusion and reaction kinetics is a key chalenge to alow greater
understanding of fabrication processes using new dopants and materials. In thisarea, more
detailed understanding of implant damage and subsequent re-crystallization during anneal
isimportant, as these phenomena can critically affect dopant profiles. Traditionally, chan-
nel resistance has been the dominant factor limiting current transport in MOSFETSs. In
ultra-small devices with source/drain extensions, however, parasitic series resistance has
become comparable or even higher to channel resistance, thus it has become imperative
to accurately model the extrinsic region of the device. The objectives of this chapter ad-
dress accurate modeling of the extrinsic resistance and application of the modeling to ultra-
shallow junction MOSFET s to optimize device performance. Analysis and optimization of
device performance for an experimental process technology called Laser Thermal Process
(LTP) are also discussed.
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Finally, traditional MOSFET channel current formulations have to date continued to
use the drift-diffusion (DD) approximation which treats carrier transport in some average
fashion, considering carriers to be in thermal equilibrium with the silicon lattice. The
drift-diffusion model breaks down in ultra-small devices where high fields and rapid spa-
tial variations of the electric field are presented. In such cases, the scattering events are
no longer localized, and some fraction of the carriers may acquire thermal energy near the
drain. These carriers are no longer in thermal equilibrium with the silicon lattice and are
referred to as hot carriers. Under these circumstances, it is possible for the carrier velocity
to exceed the saturation velocity, which resultsin velocity overshoot. To date a more rigor-
oustreatment of carrier transport under spatially nonuniform high-field conditions has been
carried out primarily using aMonte Carlo solution of the Boltzmann transport equation for
electron distribution function. However, it is difficult to gain physical insight from the
complex non-local transport used in Monte-Carlo simulation. Chapter 4 presents a simple
MOSFET current model that takes into account the non-equilibrium channel effects based
on the hydro-dynamic (HD) carrier transport model. The modeling results are discussed
and compared with device simulationsfor 50 nm NMOSFETSs.

Chapter 5 summarizes the findings of this research and suggests possible areas for fur-

ther investigation.



Chapter 2

Gate M odeling

2.1 Introduction

It is not an overstatement to say that ongoing VLS| growth has been achieved primarily
through scaling down the size of the MOSFET. Enhanced performanceincludesfast switch-
ing speed, lower power dissipation, and smaller areas for devices and circuits. However,
such scaled MOSFETSs have suffered from various undesirable phenomena. Especially the

scaling of gate oxide thickness has reached both technology and circuit limits.

The ITRS roadmap predicts that CMOS with the gate length of 100 nm requires an
oxide thickness of less than 1.5nm in 2005 (Table 1.1), which corresponds to 3 — 4 atomic
layers of oxide [5]. With such thin oxide layers, direct tunneling results in an exponential
increase in gate leakage current such that series resistance in MOS capacitors becomes
significant, owing to the low impedance of the capacitor [24]. Asaresult, measured C' —V/
curves for ultra-thin gate MOS devices show capacitance attenuation, both in the inversion
and accumulation regions [25] and determination of an effective oxide thickness from the

measured C' — V' curves has become problematic. Although recent studies have reported

13
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that the degradation of gate capacitancein MOSFET s can be suppressed by utilizing shorter
channel lengths [26], this requires redesign of test patterns and more importantly, it may
be difficult to extract intrinsic gate capacitances due to the various parasitic effectsin short
channel devices. Since C' — V' measurement is a fundamental technique and workhorse
for MOSFET characterization, C' — V' curves are crucial in providing device information.
A reconstruction technique of gate capacitance from measured C' — V' curves is needed
for ultra-thin gate dielectric MOSFETSs. In addition, for determining directions of future
gate oxide scaling, limitations due to gate tunneling current must be critically evaluated in
terms of circuit operation in order to determine the circuit immunity against gate tunneling
current.

This chapter includes modeling of gate capacitance and tunneling current along with
validation of adistributed RC approach for representing ultra-thin gate oxide MOSFETs. A
C' —V reconstruction technique based on distorted measured C'— V' curvesis discussed and
application to very thin nitride/oxide gate dielectric MOSFETSs is considered. In addition,
a compact gate tunneling current model for circuit simulation and the impact of the gate

current on circuit performance is introduced.

2.2 Gate Capacitance Modeling

2.2.1 Tunneling through Silicon Dioxide

Consider an N-channel MOS capacitor with a gate electrode consisting of heavily doped
n-type polysilicon. When biased at the flat-band condition, the energy-band diagram is
showninFigure2.1(a), where ®,, denotesthe Si/SIO, interface energy barrier for electrons
— approximately 3.1 eV [27]. When alarge positive bias is applied to the gate electrode,

electrons in the strongly inverted surface can tunnel through the oxide layer and hence
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produce agate current. Similarly, if alarge negative voltage is applied to the gate el ectrode,
electrons from the n* polysilicon can tunnel in the opposite direction.

Fowler-Nordheim (F-N) tunneling occurs when electrons tunnel into the conduction
band of the oxide layer, as shown in Figure 2.1(b). At an oxide field strength of 8 MV/cm,
the measured F-N tunneling current density is about 5x10~7 A/cm?, which is quite small,
and can be neglected for normal device operation.

If the oxide layer is very thin, say 4 nm or less, electrons from the inverted silicon sur-
face can tunnel directly through the forbidden energy gap of the oxide layer, asillustrated
in Figure 2.1(c). The theory of the direct tunneling is more complicated than that of F-N
tunneling, because it should be explained based on the Quantum-Mechanical (QM) theory.
The direct tunneling current can be very large for thin oxide layers, hence it is very im-
portant in MOSFETSs of very small dimensions, where the gate oxide layers are less than 2

nm.
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2.2.2 Polysilicon-Gate Depletion Effects

When the polysilicon gateis not doped heavily enough, aconcern with the dual gate process
in which the gates are doped by ion implantation, gate depletion results in an additional
capacitance in series with the oxide capacitance. This effect leads to a reduced inversion
charge density and transconductance. Consider the band diagram of an n*-polysilicon
gated n-channel MOS structure biased into inversion as shown in Figure 2.2. Since the
oxidefield isin the direction which accelerates negative charge toward the gate, the bands
inthe n*-polysilicon bend slightly upward near the interface. The field depletes the surface
of electrons and forms a thin space-charge region in the polysilicon layer, which lowersthe

total capacitance as given by:
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Typical low-frequency C' — V' curves in the presence of this gate depletion effect are
shown in Figure 2.3. The maximum inversion capacitance is less than ', and the higher

the ploysilicon doping concentration the less pronounced is the gate depl etion effect.

I mpact of non-uniform dopant profile on poly-depletion effects

The potential drop (V},) in the presence of the poly-depletion effect is represented in Fig-
ure 2.4. When the gate is doped by ion implantation, the dopant distribution as a function
of position from the top of gate to the gate oxide direction can be represented as in Fig-

ure 2.5. Since the dopant density and carrier concentration vary with position, a built-in
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electric field exists leading to built-in depletion. Under thermal equilibrium, since thereis
no current flow, the built-in field (E,) in an n-type poly-gate can be expressed as [28]:

T 1 dN, T dN,
EI:_@%_I{__M d¢:k_ﬂ (2.2)

A potential drop (AV,;) is established at the interface due to the graded dopant distri-

bution between x; and z, which can be approximated as:
AVpi =¢1 — ¢o = —In— (2.3)

When N, changes from 10?° to 10*® cm 2, the potential drop is about 0.12 V from Equa-
tion (2.3) even with no gate bias, which is on the order of the threshold voltage for sub-100
nm MOSFETSs. Thisadditional potential drop across the polysilicon gate (AV,,;) should be
added to the voltage drop based on the uniform dopant concentration (V},).

Polysilicon depletion effects depending on the gate length are shown in Figure 2.6;
additional depletion effects at the gate sidewalls due to the fringing gate fields, result in
additional potential drops. Similar to that of the narrow-width effect, the portion of the ad-
ditional charge (AQ) intotal charge ((Q) becomes higher as the gate length is scaled down,
resulting in wider depletion widths and additional potential drops for shorter gate lengths
(L»). Let A denote the triangular area of the additional charge A, then the additional
potential drop (AV,.) dueto the sidewall depletion is approximated as [29]:

L 50 _ 20Nad
T 0, Loy

1 A
§AQ ~ quZ (C/em?) AVpo (2.4)

This AV}, should be also added to V,, to reflect further poly-depletion for very short gate
lengths.

Comparison of the potential drop (V},) has been made for uniform (A) and non-uniform
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doping (B) cases, as represented in Figure 2.7(a). V, values calculated by using a two-
dimensional device ssmulator, MEDICI [30], are shown in Figure 2.7(b). It is instructive
to note that V,, for case B is less than that of A, in spite of its lower average doping con-
centration, which can be attributed to the graded impurity distribution effects, reflected by
AV,
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Regarding the gate length dependence, the depletion width for adevice with gate length
L, = 35 nm is wider than that for L, = 100 nm, resulting in ~0.1V larger V}, due to the
AV, effect, as shown in Figure 2.8.

This gate length dependency on polysilicon depletion is minor for uniform dopant con-
centrations, as shown in Figure 2.9. However, it becomes more apparent for the non-
uniform dopant distribution case as shown in Figure 2.10(a),(b).

Inversion capacitance (C},,,,) isreduced due to the potential dropsin gateregion. Device
simulation resultsfor p-channel M OS capacitors show that a non-uniform poly-gate dopant
profile represented in Figure 2.11(a) produces significant C;,,,, reductions, as shownin Fig-
ure 2.11(b). The portion of maximum C;,,, relative to C,,,, becomes lower as gate length is
scaled down, as shown in Figure 2.11(c), due to the gate-length dependent poly-depletion
effects. Figure 2.11(d) shows experimental dataof C;,,,/C,,, provided by Texas Instruments
for devicesranging in channel length from 0.4 xm down to 0.12 ;,m; the results show trends
consistent with simulations shown in Figure 2.11(c).

In conclusion, the impact of the non-uniform dopant distribution (AV,,) and the short
gatelength (AV},,) on the poly-depletion effects has been modeled and verified by using 2D
device simulation. Non-uniform dopant gradients resulting from ion implant can worsen
the poly-depletion effects, especially for sub-50 nm gate lengths. Achieving less steep
dopant gradients as reflected in case of ‘A’ in Figure 2.10 can be a potentia solution to

overcome this problem.
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2.2.3 Quantum Effectson C-V

A guantum mechanical anaysis, in which the wave nature of electrons is emphasized, is
necessary if the dimension of the confining potential is comparable to the deBroglie wave-
length, A = h/\/3m*kgT, of electrons, which at room temperature is approximately 150
A [27]. Modern MOSFETSs with very thin gate oxides have steeper potential wells near
the interface. The wells are formed by the oxide barrier and the silicon conduction band,
which bends down steeply toward the surface due to the applied gate field, as illustrated
in 2.12(a). Carriersin the inversion layer are confined in the potential well very close to
the silicon surface and should be treated quantum-mechanically as a two-dimensional gas,
especially at high normal fields. The energy levels of electrons are grouped in discrete sub-
bands, each of which correspondsto a quantized level for motion in the normal direction. If
the electrons are represented as wavefunctions, then the nature of the electron distribution
in the inversion-layer differs significantly from the case in which the electrons are treated

as classical particles [31], as shown in Figure 2.12(b).
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Assuming the potential barrier at the interface isinfinitely large, the wavefunction van-
ishes at theinterface since the probability of finding an electron thereis nearly zero. Hence,
the electron concentration peaks below the interface, which is in contrast to the classical
model in which the electron concentration peaks at the surface. As a result, the threshold
voltage becomes higher since more band bending is required to populate the lowest sub-
band, which is afinite energy above the bottom of the conduction band. Once theinversion
layer forms below the surface, it takes a higher gate voltage over-drive to produce a given
level of inversion charge density [32]. Hence, the effective gate oxide thicknessis slightly
larger than the physical thickness, such that the maximum capacitanceinthe C' — V' curves
is less than C,, for thin oxide MOSFETS, as depicted in Figure 2.13. The rea gate ca
pacitance appears to be less than the ideal capacitance in both the accumulation and the
inversion modes, but there is an additional capacitance drop in the inversion mode due to

the ploysilicon gate depletion effects.

2.2.4 Anomalous C-V Behavior in Thin-Oxide MOS

Recent measured C' — V' for oxides thinner than 2.0 nm have shown a sharp decrease of ca-
pacitance both in the inversion and accumulation regions[25]. This capacitance attenuation
was found to increase with increasing gate area and thinning gate oxide thickness.

Figure 2.14 shows experimental C' — V' curves for gate oxide thicknesses of 1.5, 1.8,
and 2.1 nm N-MOSFETs with an area of 100 xm x 100 pm, which were measured using
an LCR capacitance meter in the RC parallel mode at a frequency of 100 kHz. Thickness
extraction of the oxides was initially performed using ellipsometry using a 122 A oxide
standard; high resolution TEM was then used to correct the shift between ellipsometry and
TEM. In Figure 2.14, sharp decreases of gate capacitance appear for the oxide thicknesses

of 1.5 and 1.8 nm, which is related to gate current and series resistance associated with the
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equivalent circuit in C' — V' measurement systems.

Figure 2.15(a) showsthe RC parallel circuit model of the LCR capacitance meters. G,
and C,,, are the measured conductance and capacitance, respectively, which are determined
from a single measurement of magnitude and phase of impedance. Because this circuit
model neglects the series resistance (R,) associated with the bulk and contacts, it is most
suitable for low series resistance devices. By contrast, a circuit model that more closely
represents the real devices, including R, is shown in Figure 2.15(b). G; and C; represent
the tunneling conductance and the true, intrinsic capacitance, respectively. Therelationship
between C,,, and C; is expressed as [33]:

Cy
(GYR, +1)” + w2C2R?

C,, = (2.5)
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Figure 2.14: Measured gate capacitance curves for thin gate oxide (¢,
=15, 1.8, and 2.1 nm) N-MOSFETs from the
Hewlett-Packard (HP) Labs.

Here, C,, and C,; are identical when R, is very small, but the magnitude of C,, decreases

to avaluelessthan C; when R, increases.
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In spite of these limitations, C'— V' measurements of thin oxideswith large |eakage cur-
rents are widely performed, often using the parallel RC circuit model in Figure 2.15(a) [24].
The true capacitance (C}) of the devices cannot be ascertained simply by the measurement
of magnitude and impedance phase (i.e., G,, and C,,). Namely, when GG; becomes large,
due to high leakage for thin dielectrics, R is amplified, leading to decreased capacitance
(C,,) as the magnitude of gate bias increases [34]. As aresult, determination of intrinsic
gate capacitance and effective oxide thicknessfrom C' — V' measurements becomes difficult

in the presence of leaky, very-thin oxide MOSFETS.

225 QM Modesof C-V and Gate Tunneling Current

For gate oxide thicknesses less than 3.0 nm, fields in the oxide reach a maximum of 5
MV/cm, aregime in which tunneling and charge confinement effects become noticeable.
Classical inversion charge modeling is no longer sufficient for these device characteristics.
In the classical case, the electron density has its maximum value at the Si-SiO, interface,
whilein the quantum mechanical case the electron density isdiminished at theinterface, in-
creases to its maximum val ue and decreases with the distance from the silicon surface [29].
Thus, a quantum-mechanical (QM) model of the inversion charge profile peaks below the
silicon surface that inversion charge is effectively reduced to that of an equivalent oxide
which isthicker than the physical oxide. For the modeling of gate characteristics an empir-
ical, hybrid model for the QM correction in MOS structures is proposed and implemented
in a 2D device simulator, which combines both the van Dort [35] and Hansch models[36].

In order to model the carrier confinement, the effective density of conduction band

statesin the vicinity of the Si/SIO, interface is expressed as.

Ne(2) = N[l — 77X (2.6)



2.2 : Gate Capacitance Modeling 35

where N¢ is the normal effective density of conduction band states, which is position-
independent, and )\, isathermal wavelength determined by the carrier effective mass. The
z—axisis perpendicular to the Si-SIO, interface and z, isintroduced to represent the finite

carrier concentration at the surface (z = 0).

The van Dort model employs bandgap broadening in the surface channel region to
capture the dominant QM effects. The original form was proposed for the inversion region
only. Asaresult, asingularity in the simulated C'— V" at the flatband voltage region was not
carefully considered. Whilethe QM effect isnot a concern in this region, the discontinuous
behavior of the model greatly limits its applications and causes numerical instabilitiesin
multi-dimension device simulations. To eliminate the flatband singularity of the van Dort
model, an alternative bandgap broadening expression is used in this work. The bandgap
correction term with a 2/3 power-law dependence of the transverse surface electric field,

Fs, was implemented in the van Dort model formalism as follows:

9e(#/L)?

K3 2/3

© 2%kpT ®

2.7)

where 3 is a physical constant (see [35]),  is afitting parameter with theoretical value of
unity and L is a characteristic decay length. The singularity originates from the derivative
of this quantity with respect to F's = 0 in the gate capacitance computation. To eliminate
the flatband singularity, the F2/* term in Equation (2.7) is replaced with

F3
ae~(Fs/o)* 4 F;l/?’

F2P (2.8)
where both ¢ and o are adjustable parameters. This expression preserves the asymptotic
dependence of the bandgap correction on FE/ > when Fg — 400 while eliminating the

flatband singularity.
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MOS gate oxides were grown using rapid thermal oxidation (RTO) in the temperature
range of 900-950°C. Figure 2.16 shows the comparison between experimentally measured
and simulated C'—V curvesfor 1.5and 2.1 nm oxide N-MOSFETswith an areaof 100 zmx
100 pm. For thisanalysis, the substrate doping profile is obtained using process simulation
that includes TED (transient enhanced diffusion) effects [37]. The C' — V' curves obtained
by utilizing the QM-corrected behavior, based on device simulation, show good agreement
with experimental data for ¢,, = 2.1 nm, as shown in Figure 2.16(a). The reduction of
gate capacitance in the accumulation region is related to the QM effect; the reduction in
the inversion region is related to both the QM and poly-depletion effects. However, as
shown in Figure 2.16(b), the simulations cannot predict the characteristics of ¢,, = 1.5 nm;
discrepanciesin the deep inversion and accumulation regions can be attributed to neglecting
gate tunneling current effects. To model the anomalous C' — V' behavior for gate oxides
thinner than 2.0 nm, tunneling current effects should be incorporated along with the QM

capacitance model.
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Figure 2.17: Electron wavefunction penetration through oxide layer.

As devices shrink to nanometer scales, their dimensions begin to approach the wave-
length of the electron. Electrons must then be treated as quantum mechanical entities.
Rather than picturing them as tiny billiard balls, they must be regarded as waves traveling
across the device, reflecting off boundaries and contacts, and interacting with other waves.
More precisely, the probability of finding an electron at the Si-SIO, interface is not zero.
Hence, in very-thin oxide MOS system, the electron wavefunction in the potential well
can tunnel through into the oxide layer thereby reaching the gate electrode, as shown in
Figure 2.17.

In this work, the tunneling current is calculated using a one-dimensional Green’s func-
tion ssmulator, NEMO [38], which is a Schrodinger equation solver. NEMO considers
the injection from both quasi-bound states and continuum states; the carrier density is cal-
culated quantum mechanically in the device. NEMO aso considers multiple-scattering

effects which are important for very thin SO, layers [39]. Figure 2.18 shows measured
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Figure 2.18: Measured gate tunneling current from HP Labs., compared
with the ssmulated one using 1D Green’s function solver
for t,, = 1.3, 1.5, and 1.8 nm, respectively.

and simulated gate tunneling currents for three different gate oxide thicknesses— 1.3, 1.5,
and 1.8 nm. The substrate doping profile obtained from a calibrated process simulation
was used; oxide thickness was the variable parameter (1.3-1.8 nm). However, these ox-
ide thickness values were about 0.5 A greater than that of the measured values due to
effects of vanishing electron wavefunctions at the oxide interface and the displacement of
the electron peak towards the bulk which is common in quantum simulations [40]. The
discrepancies between the measured and simulated 7 — V' curves are probably caused by

surface roughness and uncertainty in determining the effective oxide thickness.
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2.2.6 Equivalent Circuit Modeling

In order to model the decrease of gate capacitance in ultra-thin gate MOS transistors, an
equivalent RC network is used. To model gate tunneling currents considering parasitic
resistance, the silicon surface region is divided into small rectangular segments perpendic-
ular to the channel-current flow in order to consider the series resistance (R;), as shown
in Figure 2.19(a). The poly-Si areais vertically divided into small segments to reflect the
polysilicon resistance effects (12,). R, represents the series resistance for each segment
and R, represents a distributed resistance in the polysilicon gate. Typical sheet resistance
of the polysilicon (R,) is 4-5 €©2/0, which is much smaller than the series resistance (R
~ 0.1-1K Q/0). Figure 2.19(b) shows the equivalent circuit for the single vertical seg-
ment represented in Figure 2.19(a). The equivalent circuit for the whole device structure
is constructed by incorporating all the vertical segments. The tunneling current is model ed
using a nonlinear, voltage-controlled current source (i,(V})) derived from the gate current
simulation discussed previously. The magnitude of current in each segment is then scaled
according to the number of RC stages used. Also, the gate capacitance without the gate tun-
neling effects (or capacitance attenuation) is modeled using a nonlinear, voltage-controlled

capacitance (C;(V,)).
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SPICE ac small-signal analysis is then performed to find the input admittance (Y, =
G + jw() of the circuit at the given frequency (i.e. 100kHz). The C' — V dataincluding
gate tunneling effects are finally obtained by taking the imaginary component of Y;,, (i.e.,
C = Im(Yin)/w).

Figure 2.20 shows modeling results compared to the measurements for oxide thick-
nessesof 1.3, 1.5 and 1.8 nm, when the number of RC segmentsis 20. The sharp transition
point in capacitance becomes lower as gate oxide thickness is reduced, which results from
the increase in gate tunneling current with an exponential - like dependence between tun-

neling current and oxide thickness.
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2.2.7 Channel Length Dependence of Gate Current

Contrary to general opinion, it was shown for the first time by Momese et al. [41] that
the direct tunneling gate current does not affect the MOSFET operation for devices down
to the 1.5 nm gate oxide thickness with gate lengths less than 1 ;m. The behavior of gate
tunneling current strongly depends on the drain bias effectsin on-state operation, especially
in short channel MOSFETS, because the drain field easily penetrates to the channel region
close to the source areas in the short-channel devices, asin Figure 2.21. In thisfigure, the
potential near the sourceis higher than 0V, and becomes especially severefor short-channel
devices, which is the so-called drain-induced barrier lowering (DIBL) effect.

Gate tunneling current with respect to thedrain bias(i.e., V; > 0 V) ismodeled using an
equivalent circuit approach, as shown in Figure 2.22. Here, the channel length dependence
of the gate tunneling current (/,), considering the short channel effects, can be estimated
dueto adistributed channel resistance [42]. Asaresult, the simulated gate tunneling current
is shown to decrease as the drain bias increases since the potential difference between the
gate and the Si surface becomes smaller, as shown in Figure 2.23(a). In addition, effects
of gate tunneling current on the drain current become less serious as the channel length
is reduced, owing to the exponentially decreasing gate current. Figure 2.23(b) shows the
simulated gate-channel dependence of 1,,; I, decreases in inverse proportionto >, which
is comparable to the experiments by Momose et al. [41][43], where the slopes were 1.8
and 1.5, respectively. Thisimpliesthat effects of gate tunneling current on the drain current
become less serious for the short channel MOSFET devices as the gate current decreases
exponentially with reduced channel length. However, the total gate current for the entire
chip may cause a serious problem for battery applications due to high off-state current;

selective use of the thin gate oxide devices on a chip may be one solution [9].
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2.2.8 Summary

MOS C-V characteristics of gate oxide in the sub 2.0 nm region are modeled with an em-
pirical, hybrid formulation for QM correctionsimplemented in a 2D device ssmulator. Dis-
crepanciesin C-V modeling exist as the gate oxide becomes thinner than 2.0 nm due to the
effects of gate tunneling current. The sharp decrease in capacitance for gate oxides below
2.0nm in both the accumulation and inversion regions is modeled by using a distributed
RC network that includes the gate tunneling current, which is calculated using a Green's

function solver, NEMO.
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2.3 C-V Reconstruction

Recently, alternate insulating materials with a dielectric constant much larger than that of
SO, are under evaluation to replace the conventional SiO, gate dielectrics and thereby
overcome gate tunneling problems [44]. In particular, nitride/oxide (N/O) composite layer
gate dielectrics have emerged as a promising alternative to SO, in CMOS devices [45].
The composite N/O gate prevents boron diffusion from polysilicon gates during thermal
dopant activation anneals. In addition, carrier mobility is enhanced because the ultra-thin
buffer oxide of the composite layer improves the interface quality at the Si substrate. More
importantly, lower tunneling currents can be obtained compared to pure oxide gates, due to
the increased physical film thickness associated with the higher dielectric constant of the
nitride layer (e,i1riqe ~ 7.8). It was reported that 1.6 nm oxide equivalent N/O dielectric
MOSFETs showed more than a 100 fold reduction in tunneling current compared with
1.6 nm single layer oxide devices [45]. However, even though tunneling current is much
reduced in N/O composite MOSFETs compared to SO, dielectrics, the C' — V' curves of
very-thin N/O MOSFETSs till show capacitance attenuation. Therefore, a reconstruction
technique of gate capacitance from the distorted C' — V' is necessary to predict device

performance [46].

2.3.1 Previous Reconstruction Method

The C'—V reconstruction technique reported previously inthe literature [24] is efficient and
useful for small-area M OS devices with low |eakage current, wherethe C' — V' curveisre-
constructed from a derived equation, consisting of measured capacitance and conductance
values obtained at two different ac frequencies (e.g., f1=50 kHz, f,=100 kHz or f;=100
kHz, f,=1MHz). However, since the technique treats alarge-area MOS device as asingle

RC circuit (see Figure 2.15(b)), it has potential problemsfor large area devices with higher
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Figure 2.24: Reconstructed C' — V' curves after the method in [24],
circles represent theintrinsic C' — V, and dotted and solid
lines represent reconstructed C' — V’sfor the applied
frequencies of 100 kHz—1 MHz and 100 kHz-5 MHz,
respectively.

leakage currents. In practice the gate current and capacitance in long-channel devicesis not
uniform along the channel direction dueto the distributed gate and series resistance effects;
asingle-lumped RC model is not an adequate circuit representation for large MOS devices.
Also, choosing qualitatively dissimilar (measured) C' — V' curves may cause substantial

errorsin the reconstruction process.

Figure 2.24 shows simulated C' — V' curves for 100 zm x 100 pm P-MOSFETSs after

applying this method for reconstruction. Fairly large discrepancies are observed when
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reconstructing the C' — V' curve using (f,=100 kHz, f,=5 MHz). These C' — V" curves are
qualitatively dissimilar because the frequency of 5 MHz is above the cutoff frequency (fr)
of the device, estimated to be [47]:

- Mn(VG — VT)

= ~15MH 29
fT 27TL92 z ( )

where L, =100 um, V; =2V, p,, =600 cm?/V - s, and Vy = 0.4 V.

Thus, the single-lump RC small-signal model asin Figure 2.15(b) isno longer accurate
for the case of 5 MHz; the series resi stance becomes significant due to the low impedance of
capacitance at higher frequencies. On the other hand, alow frequency C' — V' measurement
isnot suitable for high leakage dielectric MOS capacitors since it causes considerable mea-

surement error. The approximated instrumentation error for LCR metersisgiven as[34]:

G 2
error(%) = 0.1\/1 + <2ﬂf2’m> (2.10)

where C',, and GG,,, are measured capacitance and conductance, respectively. For example,
the instrumentation errors calculated using Equation (2.10) are 12.7 % and 1.2 % for the
applied frequency of 100 kHz and 1MHz, respectively; the measured GG, and C,,, are 1.0
mSand 13.4 pF for a 1.5 nm oxide thickness (N-MOSFET) at 1, = 2.0 V. Hence, high fre-
guency C'— V' measurements and the incorporation of adistributed RC model are desirable

in modeling of large-area, high-leakage dielectric MOSFETSs.

2.3.2 Optimization Technique

For capacitance reconstruction, the distributed RC network for high leakage dielectric
MOSFETSs (Figure 2.19(b)) is used. The intrinsic gate capacitance, which is to be ex-
tracted, is modeled with a voltage-controlled capacitance (C;(V;)). The conductance is
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modeled using a voltage-controlled current source (i,(V;)), which has been determined
based on measured gate current data. Capacitance reconstruction consists of extraction of
Ci(V,) from the distributed RC network such that the imaginary part and real part (C' and
(7) of the simulated input admittance (Y;,,) can be matched with the measured capacitance
and measured conductance (C,,, and G,,,), shown in Figure 2.19(b),(c).

For the R, extraction, sheet resistance (R,;,) of the device is calculated using conven-

tional drift-diffusion theory of carrier transport [27]:

Ron(w) = (2.11)

where x isthe direction parallel to the S surface and ¢,, is the electron quasi-Fermi level
obtained from 2D device simulation. I, isindependent of = due to current continuity; the
sheet resistivity is simply proportional to the lateral gradient of ¢, (). This expression is
valid as long as the device is sufficiently wide and the current flow is dominantly parallel

to the z-direction.

Using device simulation and Equation (2.11), R, was determined to be in the range
between 60 — 70 €2 for a 100 pum x 100 pm P-MOSFET structure with a peak dopant
concentration of 1.3x10"® cm 3. R, used in the extraction process was fixed at 5 /0,

whichisatypical sheet resistance of the polysilicon gate.

Given this set of parameters, the next step is to perform circuit optimization for the
distributed RC network in order to extract the intrinsic capacitance (C;(V,)). A Levenberg-
Marquadt algorithm implemented in HSPICE [48] is used which numerically combines
the steepest-descent method with a Gauss-Newton approach to give the greatest stability
for points far from the minimum while achieving rapid convergence for points near the

minimum [49]. The quantity to be minimized is the norm of the error vector, f(p), given
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by:

2

If(p)|I*> = ka Z[m:;i(gk;z;) (2.12)

k

where p represents the vector of optimized parameters and the vector f (p) consists of the
errorsevaluated at each gate biaspoint. z;, and z;, arethe cal cul ated capacitance/conductance
and measured capacitance/conductance, respectively, at the k-th data point. For each iter-
ation of the algorithm, the model is evaluated at each data point and the error vector f(p)
is calculated; the parameter vector p is then adjusted to reduce || f(p)||?, the sum of the
squares of the errors. For the C;(V,) extraction, HSPICE ac small-signal analysis is per-
formed, coupled with optimization to find the input admittance (Y;, = G + jwC) for the

circuit.

2.3.3 Application Results

The N/O composite dielectric P-MOSFETs (N/O ~ 1.4 nm/0.7 nm) with p*-poly gates
implanted with BF, (30 keV, 5x10'% cm2) were fabricated on 1.3x10'® cm 3 n-type Si
<100> substrates. The bottom oxide layer was formed using N,O remote-plasma oxide
and the RPECV D nitride was then deposited using SiH, and N, as source gasesto form the
N/O structures. The nitride thickness is determined from the deposition rate and the oxide
thickness was extracted using Auger electron spectroscopy [45]. C' — V' measurements
for the nitride/foxide P-MOSFET (N/O ~ 1.4 nm/0.7 nm) were performed using the RC
paralel mode, as shown in Figure 2.15(a). The device areais 100 um x 100 pzm and the
applied small-signal frequency is1MHz. Measured C' — V' data are represented by circles
in Figure 2.25(a) and show a sharp decrease of the capacitance in the accumulation region
for gate biases greater than 1.7 V. The solid line in the figure represents the reconstructed

gate capacitance from the method described above. The reconstructed gate capacitance
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C' — V reconstruction results using the proposed

technique. (a) measured (circles) from the North Carolina
State University (NCSU) and reconstructed (solid line)

C' — V curves by using the distributed RC network and
optimization technigque, dashed line indicates theoretical
C' — V with QM device simulation. (b) comparison of
extracted C' — V' curves with respect to the number of
segmentsin the RC ladder network, circles denote the
measured anomalous C' — V' and lines show the
reconstructed intrinsic capacitance for the different
number of segments-1, 20 and 40 segments.

of the N/O composite MOS device in the deep accumulation region is 180.4 pF, which
corresponds to the gate capacitance of an equivalent oxide thickness of 1.9 nm (¢,; ¢, =
1.9 nm), assuming a classical charge model. Also, the capacitance corresponds to a gate
capacitance with an equivalent oxide thickness of 1.4 nm (¢,4.¢q—qm = 1.4 NM), assuming
the QM model.
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Regarding validation of the reconstructed C' — V' curves, direct comparison with the
experimentally reconstructed curves is the most desirable. For such a comparison, how-
ever, test structures with channel lengths of 1-10 xm are necessary to avoid capacitance
attenuation, as reported in [26]. Instead, theoretical C' — V' calculations are used, where
the QM model has been considered for N/O (~ 1.4 nm/0.7 nm) dielectric P-MOSFET.
The objective of the theoretical calculation isto find a reasonable capacitance range for the
layer thickness, not to produce a perfect fit. Asaresult, the reconstructed gate capacitance
shows good correspondence to the theoretical curve in deep accumulation, as shown in
Figure 2.25(a); discrepancies between the theoretical and reconstructed curves may be at-
tributed to the uncertaintiesin the series resistance value and not having modeled interface
state properties specifically [33].

Figure 2.25(b) shows the reconstructed C' — V' curves with respect to the number of
segmentsin the RC ladder network. The shape of the reconstructed C' — V' for asingle seg-
ment case is unrealistic, while the reconstructed capacitance values in deep accumulation
are amost identical for 20 and 40-segment cases compared to the theoretical calculations.

Figure 2.26 shows comparison between the measured C,,,/G,,, and the simulated C'/G
(= Im(Y;,)/Re(Y;,)) when the final intrinsic capacitances have been extracted, the opti-

mization error between the measured and the simulated capacitance/conductanceis 2 %.

2.34 Summary

A reconstruction technique for C' — V' curves, based on distorted C' — V' curves in high
leakage dielectric MOSFETSs has been developed. Anomalous C' — V' behavior has been
modeled using a distributed RC network to account for the QM effects as well as the dis-
tributed RC nature of MOSFETS; theintrinsic, pure gate capacitance isconversaly extracted

from the anomalous measured C' — V' curves. Thereconstructed C' — V' datais comparable
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to the theoretical QM calculations for very-thin nitride/oxide gate dielectric (t,5,c9—gm ~
1.4 nm) MOSFETSs.
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2.4 Performance-based CMOS Scaling

Remarkable improvementsin CMOS VLS| have been achieved using the scaling rules pro-
posed by R. Dennard et al [50]. However, traditional scaling theories based on constant
voltage or electric field have difficulty to be extended into future nanometer-regime scal-
ing due to physical limitations of the parameters. Gate oxide suffers from the quantum
mechanical and direct tunneling effects for thicknesses less than 3.0 nm and parasitic ca-
pacitance and source/drain series resistance becomes important. Polysilicon gate depletion
effects aso reduce gate capacitance and inversion charge density because the voltage drop
across the gate oxide and substrate is reduced in the presence of the depletion region in the
polysilicon, which cannot be neglected for oxides thinner than 4.0 nm. It is reported that
2.0 nm oxide resultsin aloss of about 20 % for inversion charge at 1.5 V gate voltage due
to the QM and polysilicon depletion effects [2]. On the other hand, as the miniaturization
of MOSFET proceeds, parasitic components of transistors such as junction capacitance and
source/drain resistance act to degrade the switching speed [51]. Thus, it is desirable to de-
velop new scaling guidelines that take into account the above effects in choosing design

parameters for future CM OS technology.

24.1 New CMOSdelay model

The CMOS propagation delay (t,4) can be defined as[52],

t,,d:CLVdd< 1 |1 ) (2.13)

a Idsat,n Idsat,p

where ‘o’ is aconstant with atypical value of 4.0 and C/, is the loading capacitance. Let
k= % and assume that the junction capacitances (C';) of NMOS and PMOS are identical
So that:
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CL = Wn (k + 1)(0] + Cov + mFLgCox) + Cint (214)

where C; and C,, are the junction and the overlap capacitance per unit gate width, re-
spectively, and C;,,; isthe lumped interconnection capacitance. The ‘m’ factor reflects the
Miller effect, channel charge partitioning, fringing capacitance, and other effects of devices

when operated in an inverter. Besides, C\,, = €,:/to:, and F isfanout.

Lundstrom has proposed a drain current equation including carrier velocity effects at
the source end of the channel [53], so that an approximate 1,,,; including source resistance,

rs, Can be obtained when V; = V4 as[54],

Idsat ~W vchQi =W vchcox (‘/;75 - [dsat s — V;ih) (215)

Via — Vin
I sat — w or Uc 2.16
doat oz Ceh tom + Wﬁoxvchrs ( )

where v, is carrier velocity at the source end of the channel, v., = vr/(1 + MBZ;ES) with
vr being the thermal velocity (~6.5 x 105¢m /s for NMOS and ~5.8 x 10%cm /s for PMOS
at room temperature [56]). E, isrelated to v., the electric field aong the channel, and can
be approximated as E, = 44, The effective mobility, s, f» has arelationship with 17,

Legs”
and t,, as[52][55],

540

1.85
1 4 ( Yaa +Vin
5.4t0,

,ueff,n = (217)
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185

Heffp = 1+ (Udggéiifm)

(2.18)

Finally, combining the above set of empirical and first-order approximations a concise

inverter delay model, parameterized in terms of ¢, is proposed as follows:

a

— k + 1 (m F LQ Cj + Cov + C’int ) [Wneom 'Uch,n 7“s,n + tox + Wpeom 'Uch,p TS,p + toz

tpa = n
V4 tOZL‘ GOI Wn(k; + 1) UCh,TL (1 _ M) k ,Uch,p (1 _ Vvth,p)

Vad Vaa

(2.19)

2.4.2 Mode Evaluation

In order to evaluate the new delay formula, acomputational model for ahypothetical 0.1m
NMOS device is built by using two-dimensional process simulation with gate oxide thick-
ness of 20 A. Shallow n* source/drain extensions are used in conjunction with deeper
n™ region, implemented after spacer etch. Trench isolation isincluded to extract accurate
junction capacitance. In thiscase, QM and polysilicon depletion effects are not considered.
Moreover, V;, =1V and the threshold voltages of the N and PMOS transistorsare Vjy, ,, =
0.22V, Vipp =0.19V, respectively.

For extraction of the effective channel length (L. ;) and source resistance () the paired
V, dgorithm [57] is used. The drain-source resistance of the MOSFET linear region ex-

pression is generalized as:
Rtot(‘/gs) - Rch(‘/;]s) + de(‘/gs) (220)

where R, is channel resistance, and R, represents all resistance outside the channel that
includes source/drain contact and series resistances. A L defined as the difference between

the drawn gate length (L 4,4.,) and the effective channel length (L. ;) is given by:
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Figure 2.27: Determination of effective channel length
(Leff = Larawn — AL) and source/drain resistance
(Rsq = Rt — Rep) using the paired V, method.

Leff(Vqs) = Larawn — AL(‘/QS) (2.21)

In the agorithm, plotting R;,; versus various Lg;.q.., 1S required in order to extract AL and
R, at the intersect of two lines corresponding to closely spaced curves separated by V,
and V,,, asshownin Figure 2.27. Asaresult, for 0.1 yum NMOS, extracted AL is0.015 ym
and r, , and r , are 542 2 - pum and 460 €2 - m, respectively, when V,;; = 0.9 and V,;, =
1.1 V. The extracted junction capacitance (C;) and overlap capacitance (C,,) from device

simulation are 0.60 and 0.15 fF/um, respectively.

Figure 2.28 shows a comparison of saturation currents between device simulation and
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Figure 2.28: Comparisons of |dsat values between obtained from
device simulation and Equation (2.16) as a function of
physical gate oxide thickness.

the analytic Equation (2.16) for various physical gate oxide thicknesses ranging from 5 —
40 A at the bias condition of Vy, = (V,, — V;,) =1 V.

Figure 2.29 shows propagation delays obtained from the proposed model as functions
of physical gate oxidethicknessand fanoutsof 1, 2, and 3, when C';,,; = 0.1 fF. The values of
the empirical factorssuchas‘a and’'m’ are 4 and 1.56, respectively. Symbols represented
as circles, sgquares, and diamonds indicate the results extracted from the device ssimulation
with a sequence as follows: i) 2D device simulation for 1-V and C-V data, ii) DC &
AC parameter extraction, iii) SPICE simulation for propagation delays. Drive current
degradation owing to QM and polysilicon depl etion effects has not been taken into account.

Again, Figure 2.30 shows the comparison between the experimentally measured and
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Figure 2.29: Calculated CMOS propagation delays as functions of the
physical gate oxide thickness and the fanouts.

simulation MOS capacitor C-V curveswhen oxidethicknessis 20 A for anareaof 100 L X
100 pm. Theresults of device simulation viathe QM correction model agree well with the
measurements both in the accumulation and inversion regions, while discrepancies exist for
the classical drift-diffusion model. The reduction of gate capacitance in the accumulation
region is related to the QM effect, and the reduction in the inversion region is related to
both the QM and the poly depletion effects. It is shown that 20 A of gate oxide loses about
30% of the inversion charge due to these effectsat ~V, = 1.0 V.

The normalized gate capacitance as a function of oxide thicknessin the inversion and
accumulation regions (Cip,, /Cozy Cace/Cor) @e plotted in Figure 2.31. Here, it is obvious
that the portion of gate capacitance attenuation becomes more significant as oxide thickness

is scaled down.
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Figure 2.30: Comparisons of experimental (HP) and simulated MOS
C-V (classical Fermi-Dirac and QM correction models).

The effective oxide thickness is determined from a regression model as a function of
the physical oxidethickness. Also, alinear regression model isderived for the relationship
between the effective oxide thickness and physical oxide thickness and can be expressed as
Towerr = 1.00 top pny + 10.59°, @s shown in Figure 2.32. The accuracy of this extraction
method is confirmed by Lo and et al., with measurements using ellipsometry [58]. Thus,
the effective oxide thickness under 20 A is also projected, which is not easily achievable
with current technology. As a result, for instance, the estimated effective oxide thickness

of t,, =5 A correspondsto 15.59 A.

Figure 2.33 shows simulation results obtained from the new CMOS delay model, con-
sidering the effective oxide thickness obtained from the linear regression expression. Un-
like Figure 2.29, an abrupt increase of ¢,, disappears for gate oxide thicknesses |ess than
10A.
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Figure 2.31: Normalized MOS gate capacitance versus physical oxide
thickness.

2.4.3 Delay Optimization

There are severa parameters affecting the CMOS delay time, and in order to reduce the
overall delay, parameter optimization is applied using the model to target delay results. The
L evenberg-Marquadt algorithm in Equation (2.12) can a so be applied to delay optimization
with respect to the calculated and target CMOS delay times.

Figure 2.34 showsthe predicted propagation delay asafunction of effective oxide thick-
ness. In order to reduce delay times, parameter optimization is applied using the delay
model to the targets denoted as filled symbols.

Table 2.1 shows the optimization results for the target delays being 10, 16, and 22 pS
when the number of fanout is 1, 2, and 3, respectively (Vg = 1V, top pny = 20 A). As a
result, gate length (L,) and threshold voltages (V4,, Vixpy) @e shown to be the dominant

parameters in determining a target delay; junction capacitance (C;) follows as the third
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Table 2.1: Optimized parameters for target delays being 10, 16, and
22 pswhen fanout is 1, 2, and 3, respectively (Vg =1V,
towphy = 20 A).

| parameters | sensitivity (%) | optimized value |

Vinp 24.71 0.15V
L, 24.18 0.1 um
Vibn 21.34 0.15V
C; 10.46 0.2 fF/um
Ton 9.69 280 - um
Tsp 5.94 343 Q- um
Cov 3.66 0.07 fF/um
Cint 0.0 01fF
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most important parameter. The RM S error between the cal culated and targeted delay values

iswithin 4 %.

244 Summary

A design approach is demonstrated using a new CMOS delay model. Effective oxide
thickness is determined using MOS capacitor C-V data both from experimental and QM-

corrected device simulation; results are applied to circuit level delay modeling. Optimiza-

tion of circuit speed as a function of device parameters is achievable using the approach

based on consideration of physical parameters as well as parasitic components.
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Figure 2.34: CMOS speed optimization using the compact delay model.
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2.5 Direct Tunneling Current Model for Circuit Simula-

tion

Direct tunneling current increases exponentially with decreasing oxide thickness and gate
bias, which introduces a potential limitation for aggressive scaling of the gate oxide in ad-
vanced CMOS technology. Even though there are many reports concerning the effects of
the gate leakage current on MOS transistor operation, few studies have been made regard-
ing the impact of the gate current on circuit operation, due to lack of a circuit simulation
model for gate tunneling current. For long channel devices with very thin gate oxides, de-
vice characteristics have been shown [41], where the gate current is of the same order of
magnitude; this current significantly alters |-V characteristics. Meanwhile, the gate current
effectson |-V characteristics become minimized as the channel length becomes shorter due
to the electric field effects near the drain. Since gate current becomes an integral part of
intrinsic device operation, circuit simulation which includes accurate modeling of tunnel-
ing characteristics is required. Hence, a compact gate tunneling current model for circuit
simulation is needed to analyze circuit immunity against the gate leakage current including
dependencies on architecture and operating conditions. In this section, a compact model
for direct tunneling in very-thin gate oxide MOS transistors suitable for circuit simulation
isdiscussed [59].

2.5.1 Surface Potential Based Tunneling M odel

Figure 2.35 showsdirect tunneling of electrons acrossthe gate oxide from the p-type Si sub-
strateto n*-poly Si gate. When apositive gate biasis applied to the device with agrounded

substrate, electrons in the inversion layer pass through the oxide quantum-mechanically.
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Figure 2.35: Direct tunneling of electron in n*-polysilicon/ SiO, / p-Si
MOS structure (V,, < ®p).

For anegative gate voltage the holes in the accumulation layer can be the source of tunnel-

ing current.

This direct tunneling current model is expressed as [60],

—BO—(1—Voz/®p)%/?)

Jpr = C(Voy/tos) e Vou [to (2.22)

where the pre-exponent C' and slope B are given as.

e>*m 87 (2mpy) '/ 3/2

_ _ oz) * 2.23
8ThMoz®p’ 3qh b (2.23)

where ¢, is barrier height between the emitting electrode and oxide expressed in electron
volts, h is Plank’s constant. Coefficients m and m,, are eectron effective mass in free

space and in the oxide, respectively.
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In order to apply Equation (2.22) to the calculation of gate tunneling current, it is nec-
essary to relate the oxide voltage (V) to the applied voltage (V,;), since V,, depends on

V,s aswell as the surface potential (v,) as follows:

Vvox - ths - Vfb - ws (224)

However, 1, can only be solved accurately using an iterative numerical approach, re-
quiring expensive computations, which is not desirable for circuit simulation. In order to
reduce computation time while retaining an accurate relationship between the surface po-
tential and the terminal voltages, an explicit formulation for surface potentia (v,) [61] is

used in thiswork.

Under the assumption of having a gradual channel and using the charge sheet approx-
imation for an idea n-type MOS transistor, the surface potential in the weak inversion

region (0 < 95 < 2¢y) can be approximated as [29]:

7 7
s weak = Vgs — Vip + 5 7\/Vgs — Vi + ” (2.25)
where v is the body factor defined by v/2¢es; N, /Cs-
In the strong inversion region (s > 2¢;) 1, becomes
Vs,strong = 205 +V (2.26)

where V' denotes the electron quasi-Fermi potential, ranging from V, at the source to V7,

at the drain side. The surface potential at the drain node (s grqin) 1S Modeled to consider
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the drain bias (V) effect as:

ws,drain = %(de + ‘/sb)a ws,source = ws(‘/sb) (227)

This enables reduction of gate tunneling current at the drain as the drain bias increases due
to the decrease of the potential difference between the gate and drain (i.e. decrease of V,,, at
thedrain). In other words, as the drain biasisincreased with the source at zero, the channel
potential varies from the source to the drain , thus the oxide field is reduced towards the
drain end of the device and the gate current decreases. In addition, AV, is introduced to
model the channel length dependence of gate current caused by the drain-induced barrier

lowering (DIBL) effect as:

AVys = dprpr/205 + Ve - Vap (2.28)

where dprpr, = 50(%)%‘“, Ly isthe reference gate length and n4;,; is an exponent of the
length dependence. This AV, is added to V,, in Equation (2.24). As aresult, the effect
of gate length dependence on gate tunneling current is taken into account because v, is

abruptly increased as the channel length is scaled down.

2.5.2 Quantum-M echanical Effects

For gate oxide thicknesses|ess than 2.0 nm, quantum-mechanical effects become dominant.
In the classical case, the electron density has its maximum value at the Si-SiO, interface,
while in the quantum mechanical case the electron density is diminished at the interface,
increases to its maximum value and decreases with the distance from the surface [29].
Hence, in the quantum-mechanical model theinversion charge profile peaks at around 10A

below the silicon surface such that inversion charge is effectively reduced to that of an
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equivalent oxide which is a few angstroms to one nanometer thicker than the physical
oxide.

For calculation of the surface potential, considering the QM effects, theintrinsic carrier
concentration (n;), is evaluated by introducing a bandgap broadening mechanism which is

approximated using van Dort’s bandgap broadening approach which is expressed as [42]:

AE, = D g

9= S (2.29)

where E,, isthe normal electric field at the Si-SO, interface which is gate bias dependent
(determined by V,, and t,,) and 3 is a parameter that is determined experimentaly. The
value of AE, is used to calculate a new intrinsic carrier concentration (n;) and Fermi

potential (¢y).

2.5.3 Reaultsand Discussions

Figure 2.36 shows the simulated oxide voltage (V,,) with respect to gate bias, comparing
the V,,, = V, approximation, V,, =V, - V,q, [60], and the surface potential based model.
Figure 2.37 shows simulated gate current using the compact model, the conventional meth-
ods [60][62] and results from the 1D Green's function solver, NEMO [38], that approxi-
mates the solution to the Schrodinger equation. Gate tunneling current in the low gate bias
regime obtained from the compact model agrees well with that from the numerical solver
as aresult of the surface potential model accuracy in the weak inversion region. Compar-
ing NEMO and measurements, simulated gate currents for different oxide thicknesses are
shown in Figure 2.38. The simulated gate currents using the compact model agree well
with those from NEMO for oxide thicknesses of 1.3, 1.5, and 1.8 nm due to consideration

of the surface potential as well as quantum mechanical effects. Discrepancies between the
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Figure 2.36: Voltage drop at oxide (V,,) with respect to the applied gate
biasfor ¢,, = 1.5 nm. Comparisons between V,,, =V,
approximation, V, - V,,,, and the surface potential based
model.

measured and simulated datain Figure 2.38(b) are probably caused by surface roughness,
uncertainty in determining the effective oxide thickness, and the IR drop at the poly gate
and the channel due to the gate leakage current. In reality, the gate tunneling current be-
havior is affected by the three-dimensional geometric effects associated with gate (R,) and

series resistance (R;), as shown in Figure 2.39 [42].
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1.8 nm), symbols denote gate current from the NEMO
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Overall, comparison of results for the compact model and numerical solver show good
agreement due to consideration of the surface potential as well as quantum mechanical
effects. In order to consider drain bias effects (V,; > 0 V) an equivalent circuit is used
as in Figure 2.39(b), where gate current (/,) is composed of gate-to-source current (1)
and gate-to-drain current (Z,4). Gate current in the drain (Z,4) is determined by surface
potential at the drain (5 4,4in) for a given drain bias. Namely, I, and I,, are computed
independently by considering the surface potential of gate-to-source (15 source) and gate-to-
drain (v 4r4in) iN Equation (2.27). In this work, these voltage-controlled current sources,
I,, and I 4, are described by utilizing the behavior-level modeling in SPICE; the BSIM3
model is used as a channel current (7.,) model. As aresult, as shown in Figure 2.40 the
simulated gate current decreases as the drain bias increases due to the increase of surface
potential at the drain, which leads to the V,,, reduction. The direction of gate current near
the drain region can even become reversed when the potential of the drain is higher than
that of the gate. Hence, total gate tunneling current becomes lower as the drain bias moves
from the linear to saturation region operation; the gate current effect is dominant at high

V,4s and low V;, bias conditions.
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Figure 2.41 illustrates the simulated channel-length dependence of gate current at V
= Vs = 1.5V by consideration the DIBL effect; |, decreasesin proportionto L;°, whichis
comparableto the slope of the experiment slope (= 1.8) by Momoseet al [41]. It isobvious
that effects of gate tunneling current on the drain current becomes less problematic for the
short channel MOSFETSs because the channel current is much higher than gate current
and gate current decreases exponentially as the channel Iength is reduced. However, even
though these gate currents for an individual transistor may not be significant, the sum of all
gate currents for the entire chip will become a serious problem for applicationswith battery
operation [9].

Figure 2.42(a) and (b) show the simulated drain currents for L, = 20 ym and L, = 50
pm when gate tunneling effects are considered. In the long channel regime of L, = 50 pm,
anomal ous electric characteristics are observed at very low V;,, because the magnitude of
gate current is comparable to the drain current in this bias range.

SPICE transient circuit simulation using the compact model is performed for the simple
circuit as shown in Figure 2.43, composed of a single NMOS transistor with a 0.1 pF
capacitor. To observe the distinct effects of gate tunneling current during circuit operation,
alargetransistor (W/L =100 m/20 pm) is used. With the compact model, gate tunneling
current effects are quite noticeable; the node ‘A’ remains at a steady voltage due to the
current injection from the gate, whileit gradually decreases as a function of time when the

gate current is not considered.
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Figure 2.43: Transient circuit simulation results with the gate current
model, (a) test circuit with NMOS (W/L = 100 pm/20 pm
and t,, = 1.5 nm) and 0.1 pF capacitor, (b) simulated
voltages at node ‘A’ with and without gate tunneling
current models.
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254 Summary

An accurate direct tunneling model for circuit ssimulation is developed that incorporates an
explicit expression for surface potential with quantum-mechanical effect. Simulated gate
currents from this model demonstrate good agreement with the results from a numerical
solver and measured data for gate oxides ranging 1.3 — 1.8 nm. Long channel devices are

used in the simulations which emphasi ze the tunneling effects.
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2.6 Impact of Gate Tunneling Current on Circuit Perfor-

mance

2.6.1 Introduction

To date, many studies have considered extensively gate oxide scaling issuesin terms of di-
rect tunneling current [41],[59]-[67]. Some reports have demonstrated that the gate current
will deteriorate device performance and increase power consumption [5][65]. Others have
shown that the gate current effect on the drain current is less serious owing to the expo-
nentially decreases in gate current as the channel length is reduced, which in turn supports

more aggressive oxide scaling [41].

For conventional CMOS devices, the dominant leakage mechanism is mainly due to
short channel effects owing to drain induced barrier lowering (i.e. DIBL). In the ultra-thin
gate oxide regime, however, the gate leakage current can significantly contribute to off-
state leakage, which may result in faulty circuit operation since designers may assume that
there is no appreciable gate current. A recent study has shown that direct tunneling current
appearing between the Source-Drain Extension (SDE) and the gate overlap, the so-called
Edge Direct Tunneling (EDT) effect, dominates off-state drive current, especialy in very
short channel devices[68][69]. Thisresultsfrom the factor that theratio of the gate overlap
to the total channel length becomes large in the short channel device compared to that of
the long channel device. Thus, the gate current effect is expected to become appreciablein
ultra-thin oxide, sub-100 nm channel length MOS circuits. Even though many researchers
have discussed the effects of gate |eakage current, scaling limitations due to gate tunneling
current from the viewpoint of circuit operation have not been critically addressed. As-
sessment of circuit immunity against gate tunneling currents, depending on various device

structures and bias conditions, is of great importance in determining directions for future
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Figure 2.44: lllustration of gate direct tunneling components of avery
short-channel NMOSFET. I, and 1,4, are edge direct
tunneling (EDT) currents.

gate oxide scaling [66].
This section considers circuit stability and oxide scaling limitations for severa typical

logic and non-logic CMOS circuits using both device- and circuit-level simulation models.

2.6.2 GateCurrent Modeling
Edge Direct Tunneling (EDT)

Gate direct tunneling current is produced by the penetration of quantum-mechanical wave-
functions of the carriers through the gate oxide potential barrier into the gate, which de-
pends not only on the device structure but aso the bias conditions. Figure 2.44 illustrates
various gate tunneling componentsin a scaled NMOSFET; the gate-to-channel current (/)
and the edge-direct-tunneling (EDT) currents — both 7,5, and 1,4,, respectively.

In long channel devices, 1, and 1,4, are lessimportant than /,. because the gate over-
lap length is small compared to the channel length. In very short channel devices, the
portion of the gate overlap compared to the total gate length becomes alarge fraction. For
example, the typical gate overlap of a physical gate length for a 50 nm NMOSFET, esti-

mated by two-dimensional process simulation, isaround 20 nm which corresponds to 40 %
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of thetotal. To reduce the direct tunneling current and Miller capacitance, asmaller overlap
length is desirable. However, the overlap cannot be scaled easily in advanced MOS devices
due to difficulties in controlling the doping profiles. Moreover, even if the devices can
be scaled successfully, too short an overlap region may cause unacceptably high external
resistance in the shallow source-drain junctions.

Figure 2.45 illustrates the band diagrams and electron tunneling directions along the
gate-to-channel and gate-to-SDE directions in a highly doped drain (HDD) NMOSFET.
For V, > 0V, the gate-to-channel tunneling current (/,.) is the dominant current compo-
nent, since higher gate oxide voltage (V,,.) appears between the gate and the channel, as
shown in Figure 2.45(a). Namely, the V, of an NMOSFET with an n-type polysilicon gate
(i.e. n™-poly/SiO,/p-substrate) is approximately -1 V, while the V7, along the gate-to-SDE
(i.e. n™-poly/SiOy/n* SDE) is nearly O V. In contrast, assuming that the overlap length is
comparable to the channel length, the EDT currents (/,,, and 1,4,) can become dominant
for bias conditions of V;, < V,, < 0 V. For the gate-to-SDE case, accumulated electrons
in the n™-poly gate tunnel to the SDE region, which can lead to an appreciable off-state
current. Meanwhile, operating in the depletion mode along the n*-poly/SiO,/p-substrate
surface, few electrons are present in the channel that could in turn tunnel into the gate, as
shown in Figure 2.45(b).

Direct Tunneling Device Simulation

The edge direct tunneling in the gate-to-SDE region must be treated as a two-dimensional
problem in very short channel devices[69], owing to the laterally finite doping gradient in
the SDE region and the drain electric field effects. The direct tunneling current compact
model for circuit simulation has shown good agreement with experimental data for long
channel devices [59]; however, it cannot accurately represent the direct tunneling current

for highly non-uniform SDE and channel regionsin sub-100 nm MOSFETSs. The exact gate
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direct tunneling should be modeled based on solution of the two-dimensional Schrodinger
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eguation, coupled with the semiconductor transport equations. For practical reasons, mod-
els which maintain a macroscopic formulation while still incorporating the approximated
guantum-mechanical wavefunctions are advantageous from the perspective of circuit and
device designers [70].

In order to model the edge direct tunneling behavior, MEDICI [30] was used. The
electron direct tunneling is calculated for two sources: conduction band electron tunneling
(CBET) and valence band e ectron tunneling (VBET). CBET is the tunneling of electrons
from the conduction band of the silicon substrate to the polysilicon, while VBET is the
electron tunneling from the valence band of the silicon substrate due to generation of free
holes. For CBET the net direct tunneling current is calculated for the conduction band

electrons, using the independent el ectron approximation given by [30]:

drqmqkgT Ep e(Frni—Ea—E)[kgT 4 |
Jpr = T/@ TC(E)In s Fos BFsT 1 1 dE (2.30)

where Er,1, E.1, and m, are the electron quasi-fermi level, the conduction band edge, and
the electron effective tunneling mass in the silicon region. Er,3 and E.3 are the electron
guasi-fermi level and the conduction band in the polysilicon region, respectively. The
endpoint integration is determined by the barrier height in the silicon region, E,. TC(E)
is the tunneling coefficient of an electron with kinetic energy of the incident electron (F)
that describes the probability that an electron with a certain energy can tunnel through the

oxide.

The direct tunneling current is calculated self-consistently along with the electron and
hole continuity equations ; the Gundlach formula[71] is used to extract TC(E) for atrape-
zoidal shaped barrier.

To validate the direct tunneling model, gate currents were simulated and compared to
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Figure 2.46: Simulated gate currents using MEDICI [30] and
comparison with the measured HP data for along channel
(Lgy =100 zzm) NMOSFET.

the experimental data of long channel NMOSFETS (i.e. W/L = 100 1sm/100 ym and t,,. =
1.3 and 1.5 nm). Though agreement is not perfect, simulated gate currents from MEDICI
show reasonabl e correspondence to the measurements, as reflected in Figure 2.46.

Device simulations were also performed for a very-short channel NMOSFET with 50
nm gate length; Figure 2.47 illustrates resulting gate currents for an NMOSFET with ¢, =
1.5 nm. The source and drain are tied to ground and the gate bias is swept from negative
to positive values. Note that the EDT current (1,5, £44,) IS higher than the gate-to-channel
current (Z,.) for gate biases of -1.5V < V, < 0V, implying that the EDT is the dominant
leakage source for the off-state current in the low voltage range of operation for MOS
circuits. Figure 2.48 shows the total simulated gate current (I,g = I, + g5 + 1ga0) fOr
different gate oxide thicknesses, ranging from 1.1 — 1.8 nm; exponentially increasing gate

current is produced as the gate oxide thicknesses are scaled down.
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In order to observe the transient behavior of thin oxide MOSFET s with significant gate
tunneling current, mixed mode circuit-device smulation is performed for a single off-state
transistor with a loading capacitor initially charged to 2.5 V. The discharge of the output
node connected to the NMOS drain is determined by the off-state current (1o ), whichis
the sum of the direct tunneling leakage (/) and the DIBL leakage (I, ;) currents, as
illustrated in Figure 2.49(a). The gate length and the oxide thickness are 70 nm and 1.3
nm, respectively. Even though the NMOS is in the off-state, it acts more like a resistor
due to the off-state current of the transistor, therefore V,,,; decays with time, as shown in
Figure 2.49(b). With the direct tunneling model, V,,; drops more sharply than the case
without considering the direct tunneling model. Defining an equivalent time constant (7)
as, T = VuaCioua/Iorr = VaaCioaa/Ipr + Iprpr) provides a useful estimate. Over-

estimating 7 will be predictable without considering the 1, term.
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and W = 10um. (a) discharge through asingle
off-transistor, V,,; (t =0) = 2.5 V. (b) comparison of V,,,
values between with and without the direct tunneling
model.
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Figure 2.50: A macro-circuit model for direct tunneling current
combined circuit simulation.

2.6.3 Circuit Application

In order to evaluate circuit performance by considering gate direct tunneling effects, atwo-
lump (macro) circuit model has been constructed in the circuit simulator, HSPICE [48].
Gate direct tunneling currents, obtained from the device simulation for the gate oxide thick-
nesses of 1.1, 1.3 and 1.5 nm, are described using voltage-dependent current sources as a
function of the terminal voltage, as shown in Figure 2.50. The partitioning of 7,. into I,
and 1,4 is modeled by using variable resistances, R, and R4, respectively, in each part of
the channel. R, and R.; are the channel resistance corresponding to 0.5L.,, where R, =
Ves/Ies @and Reg = Vog/1.q. 1.5 and I, are channel currents of each region; they have been
obtained by adjusting the BSIM3-model parameters to fit the I-V curves generated from
device simulation.

The macro-circuit model has been applied to several MOS circuits — CMOS inverter,

dynamic AND gate, sample and hold (S/H) and bootstrapping circuits.
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Static CM OS I nverter

The CMOS inverter is the most basic logic gate that performs a Boolean operation on a
single input variable. For the CMOS inverter application we assumed the amount of hole
direct tunneling for the PMOSFET is the same as that for the NMOSFET. The magnitude
of the channel current is assumed to be identical, regardless of the gate oxide thickness, in
order to focus on the circuit performance differences based on the oxide thickness depen-
dent gate tunneling current contributions. Estimated gate current paths during the operation

are shown schematically in Figure 2.51.
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When the input is low and the gate tunneling current is significant, V,,; (i.e. Von)
will not reach V,,; due to the leakage current that flows from the output node, as shownin
Figure 2.51(a). Here, direct tunneling current components can be modeled as resistors and

Vou 1S approximated by the voltage divider:

Rgd,p | |Rgd,n

VOH ~ Vdd X
Rp + (Rgd,p| |Rgd,n)

(2.31)

where, R, isthe on-state channel resistance of the PMOS. R, ,, and R4, are gate-to-drain
resistances of the N- and PMOSFET, respectively, each resistor models the respective gate
direct tunneling effects. The resistor values are approximately Ryq, ~ Vigllgq, and Ryq
~ Vyallgq.n. Asan example, if theratio of R4, (Or Ry4,) to R, is100, then Vi g will drop
by 2 % from the V, level.

As shown in Figure 2.51(b), V1, isagain approximated using a voltage divider:

Ry,
R, + (Rgd,n

Vor & Vag ¥ (2.32)

|Rgd,p)

where, R,, isthe on-state channel resistance of the NMOS.

As a result, when tunneling current is significant, Vo, will not fall to the GND level
and the V,,,; swing (GND < V,,; < V) isreduced for very leaky, thin gate oxide CMOS

inverters.

Again considering an example, assuming that V;; = 2.5V, 14, = 0.50 mA/um, 145, =
0.25 mA/pmand I, = I 4, = 5.0x 107% A/lum (i.e. W, = 2W,, = 20 um), based on the
simulationsfor t,, = 1.1 nmand L, = 50 nm, then R4,/ 2, Or R4,/ R, isabout 100. Inthis
case, the estimated Vo ; and Vo, valuesare Vo = 2.42V and Vp;, = 0.08 V, respectively,
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from Egs. (2.31) and (2.32), or atotal reduced logic swing of 160 mV.

Figure 2.52 shows simulated waveforms of input/output and power consumption for a
CMOS inverter using the macro-circuit model, parameterized with ¢,, = 1.1, 1.3, and 1.5
nm. The output capacitanceis an assumed val ue equival ent to a gate fanout of 4 (FO4). For
Via =25V and t,, = 1.1 nm, ssimulated V5 and V;, are 2.45V and 0.04 V, respectively.
The full logic-high (V,;) and logic-low (GND) levels are achievable for ¢,, = 1.3 and 1.5
nm. The DC power consumption of the CMOS inverter at V,;; = 2.5V can be substantial
for t,, = 1.1 nm, as shown in Figure 2.52(b); the average power consumption is 0.75, 0.16,
and 0.09 mW for ¢,, = 1.1, 1.3, and 1.5 nm, respectively. The power consumption of 0.75
mWw for ¢,, = 1.1 nm, is about 10 times larger than for the case when the gate tunneling
current isnegligible (i.e. the 0.08 mW baseline).

For V,; = 1.5V, the output node of the inverter swings between full logic-high and
logic-low (i.e. only 0.1 % of V,y reduction even for t,, = 1.1 nm). Since the channel
current becomes much higher than the gate tunneling current, gate tunneling effects can
be minimized when using lower voltage static-logic circuits. The power consumption for
Via = 1.5V is exponentially reduced compared to the case for V,; = 2.5V, due to the
exponential decrease in gate current; basically a reduction of 20 ~ 100 times is realized,
compared to the V;; = 2.5V case. According to the ITRS roadmap, V,, of 1.0—-15V is
required for 70 nm CMOS technology. For thelow V,,, gate direct tunneling current effects

on static-logic circuits will be less serious for oxide thicknesses down to 1.1 nm.

Dynamic AND Gate

Consider the domino CMOS two-input, AND-2 gate, shown in Figure 2.53. The circuit op-
eration relies onfirst precharging the output node capacitance and subsequently, evaluating
the output level according to the applied inputs, V4 and V. These operations are scheduled
by a single clock signal, C' K, which drives one NMOS and one PMOS transistor in each
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Figure 2.53: Domino CMOS AND-2 gate.

dynamic stage. Assumeall inputsare low initially and the intermediate node voltage across
Cs hasaninitial value of 0 V. During the precharge phase, the output node capacitance (C})
is charged up to itslogic-high level of V,,; through the PMOS transistor. In the next phase,
C' K switches to logic-high and the evaluation begins. If the input V4 switches from low
to high during the evaluation phase, charge stored on C'; will be shared with C,, and the
node voltage Vy drops after the charge-sharing. If Vy islessthan V,,/2, the output of the
inverter V,,; erroneously switches to logic-high during the evaluation phase. When gate
tunneling current becomes significant, Vxy may be less than the logic-high level during the
precharge phase, so that Vx can even drop to less than V,,/2 during the first evaluation

period. Asaresult, V,,; will inadvertently switch to alogic-high, resulting in alogic error.
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25V.
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Figure 2.56: Modeling of discharge and charge sharing behaviors
during first evaluation period of domino AND-2 gate. (a)
discharge through tunneling resistance before V4 switches
to logic-high (¢t = 0.20-0.23 is). (b) charge sharing of C,
with C; after the V4 switchesto logic-high (¢t > 0.23 us).

Figures 2.54 and 2.55 show simulated input and output waveforms of adomino AND-2
gatefor V;; =2.5and 1.5V, respectively. When t,, = 1.1 nmand Vy; =25V, V dropsto
about 1.2 V during the evaluation phase due to gate tunneling current effects. As a result,
V,ut €rroneously switches during the first evaluation period and a glitch appears prior to the
second evaluation phase. Even though these erroneous phenomena can be reduced for V,
= 1.5V, thedynamic logic circuit has potential problems due to the gate tunneling-induced

off-state current during the precharge-and-eval uation stages.

These phenomena can be ssimply modeled as RC circuits, as shown in Figure 2.56.

Initialy, Vx hasavalue of V,,; during the precharge phase. When the evaluation begins at
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t = 0.2 us by switching of the C K signal to logic-high (i.e. V4 remainslogic-low until t =
0.23 11s), charge stored in C'; flows to ground through the tunneling resistance (Rq,,), as
illustrated in Figure 2.56(a). During the discharge process the Vx level drops as afunction

of time according to the following:

__t=to Igd,n (t=to)

Vx (t) =Vx (to) e foan®l g Vid e  VaaC1 (233)

where, t, = 0.20 usin the case.

With atunneling current of 7,4, =4x10 % A, Vy dropsto 1.60V fromitsinitial voltage
of Vg =25V during 0.03 s (t = 0.20 - 0.23 1), according to Eq. (2.33).

When V4 switchesto logic-high at ¢ = 0.23 us, direct tunneling current is reduced due
to asmaller voltage difference between Vy and V4. Thus, instead of the discharge process,
charge sharing begins; charge in C is shared with (', as shown in Figure 2.56(b). The
final Vy after the charge sharing is approximated as follows:

_ Vx(t =0.23us)
YTy Gy)0

(2.34)

When Vx (¢t = 0.23us) =1.60V, C; =0.15pFand C;, = 0.04 pF, V after charge sharing
estimated by Eq. (2.33) is about 1.26 V, which corresponds to ~ V;,4/2 level. Hence, V,,;
may erroneously switch during the evaluation phase, as shown in the simulation results of
Figure 2.54(b). Even though these spurious results can be reduced by lowering V,,, the
dynamic logic circuit may have potential problems due to gate tunneling-induced off-state

current during the precharge-and-eval uation phases of operation.
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Sample and Hold Circuit

The sample and hold (S/H) circuit is an important analog building block in data-converter
systems used to acquire analog signals and to store the value for some length of time. A
simple S/H circuit isformed by a sampling CMOS switch followed by a hold capacitor, as
shown in Figure 2.57(a). When the clock (Phi) is high, V,,; follows V;,; when Phi goes
low, V,,; will ideally remain at a constant level. However, V,,; will not hold this sampled
value if leakage paths exist. This tunneling current-induced decay in V,,,; during the hold
period can be modeled using the RC circuit shown in Figure 2.57(a). Asfor the previous
dynamic AND gate, V,,; decays as afunction of time, again using the expression given in
Eq. (2.33).

Figure 2.57(b) and (c) show simulation results of a S/H switch for three gate oxide
thicknesses. During the holding period, the output node does not maintain the sampled
value dueto gate leakage current, and degradation becomesincreasingly severe asthe oxide
thicknessis scaled down. These gate tunneling effects appear even at low V4, asshownin
Figure 2.57(c), implying that the S/H circuit has poor robustnessin the face of gate |leakage

current, limiting its operation to oxide scaling down to the 1.5 nm regime.
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Alternative Gate Dielectrics

Alternate insulating materials with a dielectric constant larger than that of SIO, are under
evaluation to replace the conventional SIO, gate stack, thereby overcoming the tunneling
problems cited above; remote-plasma nitrided oxide (RPNO) [72][73], IVD-Si3N, [74]
and nitride/oxide (N/O) [45] are al possible replacement materials. Using such gate di-
electrics, devices with lower gate-leakage current can be achieved as a result of the in-
creased film thickness achieved with the diel ectric constant of nitride-based layers (¢,;srige ~
7.8).

Figure 2.58 illustrates the simulated gate tunneling current for an L, = 50 nm NMOS-
FET with alternative gate dielectric of Si3sN, shown as a solid line, assuming a dielectric
constant of x = 2¢,, and thickness of 2.6 nm (¢, ., = 1.3 nm). Much lower gate current
is produced by using the SisN, device, compared to the pure oxide device with the same
equivalent oxide thickness of t,, = 1.3 nm. Secondary effects such as surface roughness

and interface traps are not considered.

Voltage bootstrapping is used to overcome threshold voltage drops in digital circuits.
Figure 2.59(a) shows a schematic of the bootstrapping circuit, including the bootstrap MOS
capacitor; the voltage Vy is increased during the V;, switching event. As a result, the

threshold voltage drop can be compensated at the output node, V,,;.

When V;,, switchesto logic-low, V,,; and Vy are approximated as follows[75]:
Vour = Vx — Vth,Mz (2.35)

where

Cboot

Vi = (Vyy —V, + Vig—=——7—
x ~ (Vaa th.M3) dd .+ O

(2.36)
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(Vaa-Vin,m3) istheinitial condition of Vx and the second term of Eq. (2.36) represents the
increasein Vy after V;,, switchesto O V. However, this V- expression should be modified to
account for the gate tunneling current. First, theinitial Vy isreduced due to the discharge

viathe gate leakage resistor (i.e. R cpoot), SUCh that

.t
(Vaa — Vinomz) — (Vag — Vinyus) € Foscboot@ooot (2.37)

In addition, the second term of Eqg. (2.36) is modified due to the gate-to-drain resistance
effects of M1 such that,

C1boot Rgd M1 C1boot
Vig——— — | V, ’ . 2.38
dd ( ad RMZ + Rgd,Ml ) Cs + C’boot ( )

Thus, both Vx and V,,,,; will be reduced in the presence of substantial gate tunneling current.

Figure 2.59(b) illustratesthe simulated input and output waveforms of the bootstrapping
circuit. For t,, = 1.1 and 1.3 nm, the final V/,,, does not reach V; because of the leakage
in both the MOS capacitor (Cy,,;) and the driving transistor (M1). In contrast, a full V,
output voltage can be achieved by adopting a SizN, gate dielectric due to the substantial
reduction in leakage current. Note that the equivalent oxide thickness of ¢g;,n, = 2.6 Nm
iSt,; = 1.3 nm. Alternative gate dielectrics will be necessary to replace leaky gate oxides
in MOS circuits, especially where charge conservation or charge bootstrapping techniques

are required.
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Figure 2.58: Simulated gate tunneling current of L, = 50 nm
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2.6.4 Review of I TRS Oxide Scaling Roadmap

It isinstructive to estimate how the gate direct tunneling current (i.e. edge direct tunneling
current) will affect oxide scaling in the technology roadmap. According to the latest ITRS
logic technology roadmap shown in Table 2.2, the range of equivalent ¢,, from 120 to 70
nm node (1999 — 2004) is chosen to keep Vy4/t,, < 8 MV/cm, based on oxide reliability
concerns. From the 65 nm node (2005) the use of high x materias other than SIO, is
assumed (i.e. k = 2¢,,.), and V,/t,,. < 8 MV/cm requirement is no longer followed [3]. In
the roadmap, the requirement of maximum gate leakage current (/,4:.) limit (Table 2.2 —
rows 4 and 5) isroughly taken to be less than or equal to only 1% of the transistor off-state
leakage when V; =V, =0V and V; = V.. Thisimplies that the edge tunneling current
effect is not seriously considered relative to the sum of the subthreshold current and the
junction leakage current in the specification of the equivalent ¢,, requirement. In redlity,
the portion of the edge direct tunneling current relative to the total off-state |leakage will be

alarge fraction in the off-state bias condition.

Comparison has been made between the 1. limit of the roadmap and the device simu-
lation results. 1,4, simulation for the low-power device was performed with a combination
of the lower value of the V,; range and a thinner oxide across the equivalent ¢,, range to
produce a maximum gate current value. The higher value of the V,, range and a thinner
oxidefor the equivalent t,,. range were used for the high-performance case. Asaresult, the
maximum /.. limit of the technology roadmap in the 1999 — 2004 nodes is far below the
smulated 1,4, as shown in Table 2.2. In particular, the smulated 1, for the low-power
deviceis 3 — 5 orders of magnitude higher than the required limit. Namely, the maximum
Iyqie limitsin Table 2.2 — rows 4 and 5 are too strict for the oxide thickness range in the
technology roadmap. The simulated /,,,. beyond the 65 nm node (2005) is rather close to

the roadmap requirement owing to the use of a nitride-based dielectric with x = 2¢,,., but



2.6 : Impact of Gate Tunneling Current on Circuit Performance 111

dielectrics with k > 2¢,, will be necessary beyond 45 nm node technology, especially for
low-power devices.

In order to satisfy the roadmap requirements for low-power operation, the use of oxides
thicker than the equivalent ¢,, range of the roadmap is desirable. For example, an oxide
thickness of about 2.0 nm is required to ensure the 1,4, limit for the 70 nm technology
node (2004), as shown in Table 2.2 —row 8. For the high-performance case, the equivalent
1oz range ensuresthe 1,4, limit except for the 70 nm node, as indicated in Table 2.2 — row
9.

In conclusion, the oxide scaling of the roadmap may be alittletoo aggressive, especially
for the low-power devices, due to neglecting the edge direct tunneling current effects. In
order to ensure the 7, limit of the technology roadmap, an early use of high « dielectrics

or aconservative oxide scaling (Tabel 2.2— 8 and 9) is necessary.

2.6.5 Summary

CMOS circuit robustness in the presence of gate tunneling currents has been studied us-
ing circuit simulation, combined with a two-lump (macro) circuit model of gate tunneling
current and analytic estimation of the effects. CMOS static invertersat V,;; = 1.5V show
acceptable noise margins with low power consumption for the oxide thicknesses down to
1.1 nm, while dynamic AND gates have a potential weaknessin the presence of gate current
during the precharge and evaluation phases. For circuits that require charge-conservation
or charge-bootstrapping, including the S/H circuit, significant performance degradation can
be expected for t,, < 1.5 nm, even considering low voltage operation. A dual-gate oxide
process or use of high-« dielectric materialswill be necessary for these circuits to continue
device scaling.

Based on the simulation study, expected values of oxide thickness, needed to ensure the
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Table 2.2: ITRS logic technology roadmap (2000 edition) [3] and oxide
thicknesses to ensure edge direct tunneling leakage
(dielectricswith k = 2¢,, are assumed for 2005-2011 node).

| Year | 1999 | 2001 | 2004 | 2005 | 2008 | 2011 |
1| MPU gate length (nm) 120 100 70 65 45 30
2 | Logic Vg (V) 15-18|1.2-15| 0912|0912 | 0609 | 0.506
3 | 1o €quivaent (nm) 1925|1519 |12-15| 10-15|08-12| 0.6-0.8
4 | Iape limit (Alpm) 0.07p | 0.10p | 0.16p 0.2p 0.4p 0.8p
for low-power device
5| Iase limit (Alpm) 70p 100p 160p 200p 400p 800p
for high-performance
6 | Smulated Iy (A/pm) 150p 2.5n 19n 2p 65p 4.1n

for low-power device
7 | Simulated 144 (Alpm) 450p 9.5n 50n 6p 240p 6n
for high-performance

8 | tor (NM) to ensure ~2.6 ~2.4 ~2.0 ~1.1 ~1.0 ~0.9
low-power I, limit
9 | t,r (M) to ensure ~2.2 ~1.9 ~1.7 ~1.0 ~0.8 ~0.7

high-perform. I, limit

off-state gate |eakage requirement of the ITRS roadmap, are outlined.
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Source and Drain M odeling

3.1 Introduction

Shallow junctions in the Source / Drain Extension (SDE) regions are needed to minimize
the short channel effectsin scaling of sub-100 nm MOSFETSs. The ITRS roadmap predicts
that the SDE depths (X ;) should be aslow as 10 nm to achieve an L. s of 50 nm, however,
too shallow an X ; can lead to high external resistance, resulting in current degradation [8].
This implies that further improvementsin I,,,; and MOSFET performance cannot be ex-
pected when the channel resi stance becomes comparable to the source and drain resistance.
In other words, further down-scaling without improvement of MOSFET performance is
meaningless, even if short-channel effects are completely suppressed by introducing the
shallow SDE. Accordingly, to minimize external resistance components it is necessary to
predict them accurately for shallow SDE MOSFETSs using an appropriate mobility model
for the inversion and accumulation layers as they relate to different process conditions as

well as device structures[76].

To determine an exact external resistance experimentally, the L,,,-array (L,,:gatelength)

113
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method is most commonly used. However, the method is based on linear regression which
potentially can extract incorrectly; negative resistance values can result from the nonlin-
ear R;,; — L,, characteristics due to process variations[77]. Moreover, the device designer
cannot directly extract the different resi stance components contributing to R, and R, by us-
ing such methods, since experimentally extracted resistance values are inherently lumped.
For device optimization, understanding of the details among different resistance compo-
nents with respect to the doping profiles, dimensions, and material parametersis of great

importance.

In this chapter, the effects of shallow High-Doped Drain (HDD) SDE to the external
resistance are discussed based on device simulations that exploit a unified mobility model

for both inversion and accumulation layer regions [78].

3.2 Shallow SDE Effects on External Resistance

3.2.1 Source/Drain Resistance

In reality, there is avoltage drop in the source and drain regions as the current flows from
the channel to the terminal contact, due to the finite silicon resistivity and metal contact
resistance. In along-channel device, the source/drain parasitic resistanceis negligible com-
pared with the channel resistance. In a short-channel device, the source/drain resistance is
an appreciable fraction of the channel resistance and therefore causes significant current
degradation. The most severe current degradation due to series resistance occursin thelin-
ear region (low V) when the gate voltageis high, because the MOSFET channel resistance
isthe lowest under such bias conditions. Channel resistance is simply determined based on

the inverse of the well-known current equation:
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Vie L

RC o o
" Ids /l/effco:vW(‘/;] - ‘/;m — Vds/2)

(3.1)

The MOSFET current in the saturation region is the least affected by the resistance of
the source/drain, since drain current is essentially independent of 1, in saturation. Fig-
ure 3.1 shows severa resistance components of the external source/drain resistance in a
conventional HDD NMOS transistor [79]: (i) R., IS the contact resistance in the region
where the current flows into the metal contacts, (ii) R, is the sheet resistance of the deep
source/drain junction where the current flows uniformly, (iii) R,, is the spreading resis-
tance of the SDE, associated with current spreading from the surface into a uniform pattern
across the depth of the source/drain, (iv) R,.. is the accumulation-layer resistance under

the gate overlap where the current mainly stays at the surface.
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Figure 3.1: External resistance componentsin source/drain extension

(SDE) in an NMOSFET. (a) resistance components (R,...
accumulation, R, : spreading, R, : contact, R, : sheet
resistances.) (b) current flow and resistivity components.
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Accumulation-layer Resistance

The accumulation-layer resistance, R,.., depends on the gate voltage. The sheet resistivity
of the accumulation layer, p,.., can be simply estimated in the overlap region between gate

and source/drain, as [27]:

(|
/’LGCCQQCC /’LGCCCOZ"/;]

Pacc = (32)

where 1. 1S the average electron mobility in the accumulation layer.

The gate voltage in the gate overlap region can be expressed as:

QGCC

Vo=V + 105 — c

(3.3)
where V7, isthe flat-band voltage determined by the work-function difference between the
gate electrode and the n-type silicon (i.e. SDE region) given by,

E E kT Ny
Vip = — =2 4 gy = — 2 4 " (=0 34
fb 2q+¢B 2q+ ; n(ni) (3.4

Therefore, R,.. can be expressed approximately as:

pachov LO’U
Roce = = 3.5
XC MG/CCCOZ"/YQXC ( )

where, L, isthegate ovelap length and X . isthe accumul ation-layer thickness, represented
in Figure 3.1.

The electron mobility in the accumulation layer has a similar field dependence to that
of the inversion layer. It is not limited entirely by the impurity scattering for moderately

high doping levels at the surface; the Coulombic scattering limits the mobility, because the
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carrier concentration in the accumulation region greatly exceeds the donor concentration at

the gate overlap region, since screening of Coulombic scattering occurs in this case.

Sheet resistance
The sheet resistance of the source/drain region issimply,
S

Ry, = Pde (36)

where IV isthe device width, S isthe spacing between the gate edge to the contact, and p,,
is the sheet resistance of the source/drain diffusion, asillustrated in Figure 3.1(b).

Spreading resistance

An analytical expression has been derived for the spreading resistance, R,,, assuming an
idealized case when the current spreading takes place in a uniformly doped medium with
resistivity p;:

_ 2p X
R, = T ln(0'75XC) (3.7)
where IV is the device width and .X; and X are the junction depth and the accumul ation
layer thickness, respectively.
Contact Resistance

The contact resistance can be expressed as:
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R, =Y ’;SV‘”’ ° coth(le, /%) (3.8)

where [, is the width of the contact window and p. is the interface contact resistivity (in
Q-cm?) of the ohmic contact between the metal and silicon. Equation (3.8) hastwo limiting
cases: the short contact and long contact limits. In the short contact case, . < v/pe/psds
thereby

Pe
co — 3.9
R Wi (3.9)

isdominated by theinter-facial contact resistance. Inthelong contact limit, I. > +/pc/ psas
thereby

Rco _ vV PsdPc (310)

Thisisindependent of /., since most of current flows into the front edge of the contact.

In practice, however, it isdifficult to apply these equations, since current flowsin there-
gion where the local resistivity is highly nonuniform due to the lateral source/drain doping

gradient.

3.2.2 Calculation of External Resistance

From the conventional drift-diffusion theory of electron transport in semiconductors, the

sheet resistivity (R,,) in non-uniformly doped regions is calculated from an incremental
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form of Ohm’slaw [81]:

L = [y = o) [ antpnte
Ln()
__  dz
= R0 (3.11)

where x is the direction parallel to the Si surface, y is the direction perpendicular to the
interface, and ¢,, is the electron quasi-Fermi level obtained from two-dimensional device
simulation. I, isindependent of = due to current continuity; the sheet resistivity is simply
proportional to the lateral gradient of ¢,,(x). Thisexpression isvalid as long as the device
is sufficiently wide and the current flow islargely parallel to the z-direction [27]. Also, the
total resistance (Ry,;) is calculated based on the integration of R, () along the direction
from source to drain. While the accumulation layer in the HDD region is similar in many
respects to that of the inversion layer in the channel, certain fundamental differences exist
because of the nature of scattering mechanisms as carriers enter the accumulation region.
Hence, a unified mobility model for the inversion and accumulation layers is needed for

precise resistance calculations as previously reported [78].

Due to the two-dimensional nature of the electron gas in the accumulation layer, mo-
bility degradation occurs in a manner similar to that in the inversion layer owing to the
transverse electric field. For an accurate accumulation region resistance (R,,..) calculation,
however, the mobility model should account for screening due to Coulombic scattering.
This is because the carrier mobility at low to moderate fields in the accumulation layer
is different from that in the inversion layer; the carrier concentration in the accumulation
layer is aways higher than that in the inversion layer due to the higher background dopant
concentrations [82]. Another principal difference between Coulombic scattering in the ac-

cumulation and inversion layers is that electrons are scattered by positively charged donor
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atoms in an accumulation layer, whereas electrons are scattered by negatively charged ac-
ceptor atoms in the inversion layer for a NMOS transistor. Thus, Coulombic scattering is
stronger in the accumulation layer compared to the inversion layer. Without proper mo-
bility modeling, lower external resistance is predicted, resulting in an under estimation of

degradation in device performance due to R,...

Coulombic scattering consists of two parts. a screened part that varies with electron
concentration and an unscreened part that is independent of electron concentration. In the
limit of low electron concentration, the screened part approaches the unscreened part. Un-
screened Coulombic effects are important in weak inversion, where they directly affect
off-current. Ascarrier density in the channel increases, screened Coulombic scattering be-
comes important — the effect ismostly in altering the |-V curves near threshold [78]. In this
work, the mobility model considersboth screened and unscreened Coul ombic contributions

as well as the phonon and surface roughness scattering terms expressed as [81]:

1 1 1 1
= + + (3.12)

Htotal Hphonon Msurface Heoulomb

Where ju4.; 1S total carrier mobility, 1i,ponon 8N fisyr face @€ Mobility terms that account
for acoustic phonon and surface roughness, respectively. The Coulombic scattering term

of Equation (3.12) considers both screened and unscreened scattering given by

D } (3.13)

Heoulomb = TMax {DIW, F‘?Q

where n istheloca carrier concentration, NN, is the background dopant density, and other
Coulombic scattering parameters are determined empirically as reflected in ref. [30]. In
Equation (3.13) thefirst term represents the screened contribution and the second term rep-

resents the unscreened Coulombic scattering. Asthe local carrier density (n) in either the



122 Chapter 3 : Source and Drain Modeling

10000.0
® : Experiment (HP)

8000.0 g : Simulation |

T 60000 | 1
=
e
s
@]

& 4000.0 + |

2000.0 |- |

0.0 : ‘ ‘
0.5 1.0 15 2.0 2.5

Vgs (V)

Figure 3.2: Comparisons of experimental (HP Labs.) and simulated
total resistance (ot = Ryq + Rep) Of Lesp = 0.25 pm
NMOSfor V;, = 0.1V, the unified mobility model for
inversion / accumulation layersis used in device simulation.

accumulation or inversion layer increases, screened Coulombic scattering term becomes
dominant, causing the mobility to increase until the phonon scattering term becomes dom-
inant. Conversely, as electron density decreases, unscreened mobility becomes dominant,

retaining the mobility at a constant value.

Figure 3.2 shows measured and simulated total resistance (R;,;) using the mobility
model as a function of the V,, for the NMOS with L.y = 0.25 m, which was fabricated
in the Hewlett-Packard Laboratories.

With the process and device models used in simulation for an L.;; = 0.25 pm exper-
imental transistor, the L.;; = 0.08 xm NMOS simulated structure was created using 2D
process simulation to investigate the external resistance effects for sub-0.1 pm MOSFETSs.



3.2 : Shallow SDE Effects on External Resistance 123

The simulated shallow SDE uses an arsenic implantation with dose of 1.0 x 10'® em 2,

and energies in the range of 5 — 30 KeV, producing SDE depths ranging from 30 to 70 nm.

3.2.3 Shallow SDE and Gate Overlap Effects

Figure 3.3(a) shows the computed sheet resistivity along the channel direction for different
V,s biasesin the linear operation region (i.e., Vs = 0.05 V).

It should be noted that the sheet resistivity in the channel and accumulation regions
(outside the metallurgical channel) is highly dependent on gate bias, and the peak resis-
tivity occurs in the accumulation region under the gate overlap (L,,) for V,, > V;;, = 0.45
V. This gate-modul ated series resistance is associated with the laterally finite source/drain
doping gradient. Because of this finite lateral gradient, current injection from the surface
inversion layer into the source/drain does not occur immediately at the metallurgical junc-
tion. Thisimplies that a significant voltage drop occurs in the extrinsic region. Namely,
the sheet resistance in the accumulation region and current-crowding/spreading region is
comparable to the sheet resistance in the inversion layer in sub-0.1 um MOSFET’s. The
contact resistance (R,,) for simulation is assumed to be 4 2/0, which is a typical value
achieved in silicide processes.

Figure 3.3(b) shows R,.; with respect to the gate bias for two gate oxide thicknesses
(2.0 and 4.0 nm). Quantum mechanical effects dueto the thin gate oxidesare not considered
in thiswork. The accumulation resistance (R,..) decreases as the gate oxide thicknesses
are reduced, because R,,... isproportional to t,,.

The portions of external resistance (R.,;) and accumulation resistance (R,..) relativeto
the total resistance (R;,;) become dominant as the device sizes are scaled down, as shown

in Figure 3.4.

As can be seen, the smulated ratios of R,/ R;or and Rycel Ry iN Lggte = 0.07 pm are
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more than twice that observed for L4 = 0.25 pm.

In addition, R, increases as the SDE depth (.X;) becomes shallower than 50 nm, as
shown in Figure 3.5(a). Also, R,.,; increases sharply when L,, is shorter than 20 nm
because the gate coupling to the SDE becomes poor, as shown in Figure 3.5(b). Thus,
careful optimization of X; and L,, is necessary to minimize the R.,;,. Otherwise, g4
and the SDE to gate coupling can be degraded even though the short channel effects are
reduced.
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The Ry, distributions for various values of X; in the saturation region where Vs = Vi,
= 1.5V are shown in Figure 3.6(a), where the maximum resistivity appears in the drain
accumulation region. Here, R, increases as X; becomes shallower, which implies ;4
degradation for the SDE depths less than 40 nm. In order to observe the R.,; effects
on the on-current (1,,), simulations were performed for the different values of X; asin
Figure 3.6(b). To consider the short channel effects (i.e., DIBL) induced |leakage current,
the V4, for each X; condition was chosen as the drain bias that produces 1 nA/pm of
off-state leakage current. As aresult, I,, degradation is observed for .X; values less than

40 nm, which corresponds to the experimental trend in ref. [8].

3.24 Summary

Accurate determination of external resistance in scaled MOS devices can be addressed
using proper mobility modeling. External resistance in the accumulation layer (R,..) be-
comes dominant for the shallow SDE depths less than 40 nm. R,... is highly dependent on
the junction depth and overlap length, which should be minimized for improvement of cur-
rent driving capability and SDE coupling to the gate, contrary to future trends that project
using raised source and drain structure [9]. An NMOS transistor with L.;; of 0.08 um

shows optimum on-current when L,, is 20 nm and .X; is 40 nm.
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3.3 Analysis and Optimization of 70 nm Laser Thermal

Processed MOSFETSs

As MOSFET scaling continues, ultra-shallow and highly-activated junctions are essential
for device performance and control of short-channel effects. In addition, lateral abruptness
of the source/drain extension regions is indispensable to minimize short-channel effects,
because external resistances play an important role in determining electrical performance
asdevicesarefurther scaled to sub-100 nm dimensions[83]. Asshownin Figure 3.7, abrupt
source and drain junction profiles are much more desirable than graded profiles in terms
of drive current and short-channel effects. Super-doped extension regions, instead of the
conventional LDD or HDD, will be required along with the aggressive scaling of junction
depth and abruptness in the near future. Recent low-energy ion implantation has achieved
implant energies as low as 200 eV. However, as junction depth drops below 100 nm, Rapid
Thermal Process (RTP) faces problems of undesired thermal diffusion and low activation
that islimited by solid solubility, so that the minimum junction depth is no longer governed
by the ion energy alone in the low energy regime. Instead, channeling effects and transient
enhanced diffusion (TED) contribute substantially to the junction formation, therefore ac-
tivating the dopant without diffusion is a significant challenge. Recently, new techniques
have been developed to reduce the short-channel effects due to the source and drain field
effects. For example, low temperature activation of source/drain impurities by using re-
crystallization was introduced to keep an abrupt lateral source/drain junction profile, but it
has drawbacks such as long thermal cycle and relatively high level of gate-induced drain
leakage (GIDL) [84].

Laser Thermal Process (LTP) has been actively studied asan alternativeto RTPin order
to achieve ultra-shallow SDE and salicide contact formation [85]. Since LTP providesvery

short and spatially localized thermal budgets in activating the source/drain dopant up to the
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Figure 3.7: Comparison of lateral source/drain profiles (After [84]).

solid solubility, more aggressive junction depth scaling is allowed by reducing undesired
dopant redistributions induced by the implant damage.

In this section, comparisons of device characteristics for LTP- and conventional RTP-
processed 70 nm NMOSFETSs are presented. Also, optimization of LTP-processed MOS-
FETsto improve on-current, while minimizing parasitic capacitance and resistance effects

in the SDE region is discussed based on process and device simulation results.

3.3.1 Dopant Profilesof LTP and RTP

Thefabrication flow of an LTP-processed 70 nm transistor is shown in Figure 3.8 [85]. Af-
ter the gate patterning, a SisN, spacer wasformed, followed by adeep source/drain implant.
A high-temperature RTP was used for dopant activation in the source/drain and the polysil-
icon gate. After removing the spacer, shallow source and drain junctions were formed with
alow-KeV, high dose source/drain implant. Then, the dopants were electrically activated
by LTP with a pulsed 308 nm XeCl excimer, ultraviolate laser beam, scanning across the
wafer field by field.
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Figure 3.8: Process flow for an LTP NMOS transistor (After [85]).

Figure 3.9 shows the current-voltage characteristics of an LTP NMOS with L, = 70
nm. The relatively high off-current in the I vs. V,, may be caused by the substrate
punch-through leakage due to the absence of halo or retrograde channel implants. Room
exists for further device performance improvement; device and process parameters should

be carefully optimized to take full advantage of the LTP process.
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Figure 3.10 shows comparisons of arsenic dopant profiles obtained using ion mass spec-
troscopy (SIMS) and simulated LTP. The simulated LTP profile was obtained by adjust-
ing moment-related parameters of the analytic ion implantation model in TSUPREM4 —
those which determine the shape of the dopant distribution. Specifically parameters con-
trol range, standard deviation and skewness of profiles were adjusted. The simulated RTP
profile for an implant dose of 6x10'/cm? was obtained by considering the TED effects
with the processing conditions of 1010 °C and 5 seconds. In thisfigure, the surface dopant
concentration of the LTP is higher than that of the RTP due to highly activated dopants. In
addition, the junction depth of the LTP is shallower than that for RTP due to minimized
TED effects. It was reported that the thin molten silicon layer, generated by afew seconds
of pulsed laser, is grown back to crystalline silicon during the LTP process. As a result,
about 8 orders of magnitude higher dopant diffusivity are achieved, leading to aimost uni-

form and abrupt dopant profiles [86]. Furthermore, since the melting and recrystallization

1.5
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timeislessthan 100 ns, the activated dopant concentration reaches the solid solubility limit.

Figure 3.11 shows simulated dopant distribution contours for 70 nm NMOSFETSs in
both the LTP and RTP cases. The same ion implantation model parameters are used; they
were previously calibrated to the SIMS data. Figure 3.12 shows net doping profiles of
LTP- and RTP-processed devices along the silicon surface. From these results it can be
observed that the SDE junction, using RTP, is deeper (.X;~ 40 nm) than for the LTP case
(X~ 30 nm), and the |ateral dopant diffusion for RTP is more severe than that of LTP. By
using the LTP process, higher arsenic dopant concentrationswith steeper dopant abruptness

in the SDE region are achievable — these results are more desirable for improving device
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performance in sub-100 nm MOSFETSs.
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3.3.2 Calculation of External Resistance

For accurate calculation of the source and drain resistance for LTP-processed devices, the
previously mentioned unified mobility model was used. Prior to the calculation, simula-
tions were performed and model parameters were tuned to the measured |-V data. Fig-
ure 3.13 shows the computed and measured total resistance (£2;,;) versus V,, for an NMOS

withan L, = 70 nm.

Figure 3.14(a) shows the computed sheet resistivity along the channel direction for
LTP- and RTP-processed transistors. The resistivity in the LTP case is lower than for the
RTP case dueto the higher dopant concentration in the SDE, even though the SDE junction
depth of the LTP is shallower than for the RTP. Figure 3.14(b) shows sheet resistivity of
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the LTP for different V,, biases in the linear region (i.e. V;; = 0.1V). It should be noted
that the sheet resistivity in the channel and accumulation regions (outside the metallurgical
channel) is highly dependent on gate bias, thus the high resistivity occurs in the accumu-
lation region under the gate overlap (L,,), Since this gate-modulated series resistance is
associated with the laterally finite source/drain doping gradient. Because of the finite lat-
era gradient, current injection from the surface inversion layer into the source/drain does
not occur immediately at the metallurgical junction, leading to avoltage drop in the extrin-
sic region. The contact resistance (R.,) for the simulationsis again assumed to be 4 ©/0J,

which isatypica valuefor asilicide process.
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3.3.3 Device Optimization in LTP Transistor

For high performance LTP-processed transistors, careful choice of junction depth (X ;) and
overlap length (L,,) is necessary. Otherwise, I, and coupling of the SDE to the gate will
be degraded even though short channel effects are reduced.

Figure 3.15(a) shows a comparison of on-current (/,,,) versus different gate overlaps
(Loy) for LTP- and RTP-processed devices. Here, 1, was extracted with respect to the
drain bias (V4s,0,) that produces 1 nA/um of I,;; at V,, = 0 V. Overall values of I, for
LTP are higher than those for the RTP and the peak appears at L,,, ~ 10 nm. Figure 3.15(b)
illustratesthe normalized 1,,, and gate overlap capacitance (C,,) for different valuesof L,,.
Note that avery short L,,, produces|ower on-current, because it resultsin poor gate control
on the channel, leading to high external resistance. Meanwhile, along overlap reduces the
effective channel length and causes severe short channel effects and lower 1,,,,. Also, the
longer L,, produces higher overlap capacitance in the accumulation region; 5-10 nm of
L,, showsthe highest 7,,, while maintaining relatively lower overlap capacitance in 70 nm

transistors.

Figure 3.16 showsexterna resistance (R,.; = R, + R;) and I, for various SDE junction
depths (.X;). R, abruptly increases as X ; becomes shallower than 20 nm; I,,, is degraded
dueto the high external resistancefor X; < 20 nm. I,,, isalso degraded for X; > 30 nm due
to severe short channel effects. Note that /,;; becomes higher due to severe short channel
effects, thus both V4, ,,, and I,, become lower. By considering the trade-offs between
R, and the short channel effects, an optimum X; is 2025 nm. Resistivity distributions
for various X,’'s at V4, = 0.1V and V,, = 1.2 V are shown in Figure 3.17. Here, the
maximum resistivity appears in the SDE region, which implies substantial 7,,, degradation
for a SDE depth less than 20 nm. The impact of spacer length on external resistance

becomes significant as the spacer length increases, as shown in Figure 3.18. I, is less
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dependent on the spacer length for X; = 20 nm, since the resistance of shallow junctionsis

the dominant external resistance. However, I, is degraded as spacer length increases for

X; = 30 nm, because high external resistance in the long spacer length becomes dominant

in this case.
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3.34 Summary

The trade-offs between the external resistance and the short channel effects in 70 nm
LTP MOSFETSs fabricated by AMD are studied based on extrinsic resistance calculations.
Proper mobility modeling, especially in the accumulation region, is essential for consider-
ation of future MOSFET scaling.



Chapter 4

Channel Modeling

4.1 Introduction

Carrier transport in nanoscale transistors invol ves off-equilibrium transport, where the be-
ginning of the channel is a quasi-equilibrium point, populated by carriers at thermal equi-
librium [87][88]. Electrons are injected from the source into the channel across a potential
barrier and its height is modulated by the gate voltage. The positively-directed veloc-
ity of the degenerate Fermi gas depends on the sub-band occupancies and the maximum
velocity at the source approaches the thermal injection velocity when very few thermal
carriers injected into the channel are back-scattered to their entry point into the channel.
The on-current of a nanoscale MOSFET has a strong sensitivity to the low-field mobility
because it determines the back-scattering in the critical region at the beginning of the chan-
nel [87]. Thus, MOSFET on-current depends on the thermal injection velocity near the
source according to fundamental transport theory. Off-equilibrium carrier transport effects
in nanoscale MOSFET s ater the electric field and thermal injection velocity at the source,

which can be observed by using either Monte-Carlo or hydrodynamic transport models.

144
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Figure 4.1: Regionsof validity for various device simulation models
(After [89]).

Hence, source injection and channel backscattering at the source end and velocity over-
shoot in the channel need to be considered in current balancing approaches. In practice,
however, device performance will fall below the ballistic limit because series resistance

becomes increasingly important as the channel resistance decreases.

Figure 4.1 illustrates the regions of validity for various device simulation models [89];
for deep sub-100 nm devices that switch very quickly, using drift-diffusion equation only
isnot adequate. A morerigorous treatment of carrier transport under spatially non-uniform
high-field conditions has been traditionally carried out using a Monte Carlo solution of
the Boltzmann transport equation for the electron distribution function [90][91]. Monte
Carlo device smulation has been established as a powerful tool for the investigation of
ballistic effects occurring in deep submicron MOSFETS. One major concern that prevents

itswidespread useisthe large computation timerequired [92]. Velocity overshoot isclearly
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an off-equilibrium effect and cannot be predicted with simple drift-diffusion simulations,
thus it is necessary to use more sophisticated simulations. However, the same results may
be achieved using a drift-diffusion model, augmented to account for velocity overshoot
by means of the spatial gradient of electric field aong with mobility models that include
relevant scattering terms near the source.

In this chapter, a simple on-current model considering the off-equilibrium and external
resistance effects to capture physical insight regarding carrier transport of nanoscale MOS-

FETs isdiscussed; computed results are compared with hydrodynamic device simulations.

4.2 Non-local Effectsin Small Devices

As carriers move in the crystal under the action of the external force (i.e., the electric field
caused by the voltage applied to the transistor contacts), they suffer various collisionsas a
result of : thermal lattice vibrations, dopant ions (both positively and negatively charged),
and other carriers. If the mean distance between two successive collisions (typicaly, afew
nanometers) is much smaller than the dimensions of the transistor, carriers collide many
times while transiting the device. On the one hand, this prevents the carriers from gaining
kinetic energy much in excess of the thermal energy they would have in the absence of a
driving force. On the other hand, these collisions can be treated statistically, by lumping
their effects as akind of average friction on the current, without worrying too much about
the details of what happens to electrons or holes in any single collision. As a useful by-
product of these simplifications, one has to worry only about what happensin avery small
neighborhood of each carrier. The problem now becomes “local” in the sense that only the
drivingforce (i.e. electricfield) at agiven positionin the deviceisneeded to describe charge
transport at that particular position. Device simulation programsthat employ drift-diffusion

models rely heavily on these localized approximations. They use the fact that carriers do
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not acquire sufficient kinetic energy to violate the use of asimplified band structure of the
crystal, hence the use of an effective mass to handle the motion of the carriers remains
valid. They also use lumped concepts, such as mobility and the diffusion constant to ac-
count for carrier collisions in a grand-averaged and local way. Now that transistors have
reached dimensions approaching the mean distance between collisions, these simplifying
approximations fail: carriers gain significant kinetic energy, in excess of 50 to 100 times
larger than their thermal energy. Therefore, the details of the electronic band-structure be-
come important. At the same time, only afew collisions occur as carriers move across the
device. Thus, it becomes important to look at single collisions with more attention and to
account for the driving force everywhere they occur in the device when studying charge
transport at a given position in the transistor — so-called non-local effects [93]. Finaly,
as devices shrink even more, their dimensions approach the wavelength of the electron.
Electrons must then be treated as full-fledged quantum mechanical particles. Rather than
picturing them as tiny billiard balls, they must be regarded as waves traveling across the
device, reflecting off boundaries and contacts, interfering with other waves. The following
discussion will not consider the rigorous quantum mechanical limits to carrier transport

and scaling.

4.3 Fundamental Drain Current Model

Figure 4.2(a) represents the essential physical picture, showing that carriers are injected
into the channel from a thermally equilibrated reservoir (the source), across a potential
energy barrier whose height is modulated by the gate bias, into the channel, which begins
at the top of the barrier. The beginning of the channel is populated by carriers injected
from the source region which is at thermal equilibrium [94]. The maximum value of the

average carrier velocity at the beginning of the channel is approximately the uni-directional



148 Chapter 4 : Channel Modeling

thermal velocity, v, since the positive velocity of carriers at the beginning of the channel
comes from the source reservoir which is at thermal equilibrium. Backscattering from the
channel determines how close to this upper limit the device operates; velocity overshoot
occurs within the channel and determines the carrier density profile. Figure 4.2(b) shows a
schematic fluid flow model for aMOSFET under high gate and drain bias conditions. Here,
carrier transport through the drain end of the channel is rapid because velocity overshoot
occurs. Asaresult, the current is controlled by how rapidly carriers are transported across
a short low-field region near the source. The length of the current-limiting region at the
beginning of the channel is denoted as /; its value is about equal to one mean-free-path for

carriers.

While the carrier velocity reaches high values in the high-field region near the drain,
MOSFET drain current is mainly controlled by the average carrier velocity near the source
end of the channel, where the inversion charge density Q; is determined by C,,,.(V,, — Vi),
independent of the drain voltage. Carrier velocity near the source is determined by the
thermal velocity as the carriers are injected from the source. Velocity overshoot near the
drain helpsto increase the overall MOSFET current by increasing the electric field driving
force near the source. Once the device approaches the ballistic limit, the current depends

only on theinjection velocity from the source.

The fundamental limit in determining on-current for aMOSFET is described as [95]:

Lis = CopfWo(0)(Vgs — Vin) (4.1)

where C.; is the total gate capacitance and v(0) is the average carrier velocity near the

source.

Thereisan upper limit onthe MOSFET current set by thermal injection from the source.

Such a limiting current takes the same form as Equation (4.1), except that the parameter
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Figure4.2: Essential physical picturefor carrier transport in MOSFETS,
after [94]. (&) conduction band from the source and drain,
(b) fluid flow analogy under high drain and gate bias.

v(0) should be replaced with the source thermal velocity v, which for electrons can be
1.5-2 times the vel ocity saturation (v,,;) in the high doped degenerate n™ source. In small

transistors, strong velocity overshoot occurs aong the channel, affecting the electric field at
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the source aswell as carrier backscattering. However, these effects cannot extend the upper
limit on MOSFET current, beyond the source thermal velocity v7. v(0) can be expressed
as afunction of both the field and scattering rates (mobility) in the channel region near the

Source:

U(O) = /LOEx(0+) (42)

where 1.° and Ex (0") are the low field mobility and lateral electric field near the source,
respectively.

However, the total gate capacitance (C.sr) in Equation (4.1) should be replaced with
(Cys) because 1,4 is determined by charge near the source [96]. It has been experimentally
demonstrated that €lectron velocity exceeds the saturation velocity of bulk silicon (1x 107
cm/s) at the room temperature, where the electron velocity (v.) was obtained by dividing
the drain current (Z,) by the source to gate capacitance (C,,) [97]. In addition, the external
source/drain resistance plays an important role, as it becomes comparable to the channel

resistance in small devices. Thus, Equation (4.1) can be modified as follows:

Ids = CgSWU(O)(‘/;]sl — V;fh) (43)

where Vo = Vs — 145 R, asshownin Figure 4.3.

Validation of Equation (4.3) based on device simulations using a hydrodynamic model
was performed for the structure shown in Figure 4.4(a), which has a junction depth for
the source/drain extension of 30 nm and a gate oxide thickness of 2.5 nm. To observe
off-equilibrium carrier transport in nanoscale devices Monte-Carlo simulations [98][99]
are more useful, since they do not lump microscopic physics into the process-dependent

macroscopic transport parameters. In addition, the computation of the carrier distribution
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Figure 4.3: MOSFET showing source and drain external resistance,
effective (intrinsic) gate voltage is denoted by V.

function provided by the Monte Carlo method allows one to consider energy threshold phe-
nomena such as impact ionization and oxide injection on a solid physical basis. However,

the computational burden limitsits use for many device engineering applications.

The hydrodynamic (HD) model is derived by taking moments of the Boltzmann equa-
tion; however, simplifying assumptions are needed to formul ate a tractabl e set of equations.
Inthe HD (or aternatively the energy transport formulation) model the transport equations
are derived from moments of the Boltzmann transport equation (BTE), which are similar
to the hydrodynamic flow equations of used in fluid dynamics [89]. The drift-diffusion
model is a first-order approximation to the momentum balance equation; it ignores the
gpatial variation of the average carrier energy and assumes that the mobility is uniquely
specified by the local electric field. The HD model includes the energy gradient in the cur-
rent equation and assumes that the mobility is afunction of the average carrier energy; the

first three moments of the BTE are solved in the HD model rather than two asis donein
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the drift-diffusion approach. The effects of scattering in the HD formulation are described
by macroscopic relaxation times that involve averages of the microscopic relaxation time
over the distribution function. Although HD device modeling is limited by simplified rep-
resentations of band structure and carrier transport assumptions, it provides an intuitive and

computationally efficient means of analyzing physical trends.
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To treat the non— ocal transport effects that occur in small devices, hydrodynamic (HD)
device simulations [100][101] were used in thiswork. Drift-diffusion (DD) sets the max-
imum velocity of carriers to the saturated velocity (i.e. ~1.0x107cm/s), thus, velocity
overshoot cannot be observed as in Figure 4.4(b). By contrast, the HD formulation reflects
off-equilibrium behavior near the drain (i.e. strong velocity overshoot). As aresult, higher
I, is produced in the HD model in comparison to the DD model (Figure 4.5(a)). v(0)
versus Vy, near the source (~7 nm away from the source) is shown in Figure 4.5(b). In
spite of the strong velocity overshoot near the drain, the carrier velocity near the source
does not exceed the ~1.0x 107cm/s, which corresponds to Lundstrom’s prediction, where
velocity overshoot affects the carrier velocity near the source, but it does not change the
upper limit of v(0), the thermal injection velocity (i.e. vy ~ 1.4x107 cm/sec for L,= 50
nmin ref. [95]).

Figure 4.5(c) shows a comparison of the analytical expression in Equation (4.3) with

HD simulation, where Cy,, v(0) and R, are extracted from HD simulation results.
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4.4 Mobility and External Resistance Modeling

The channel mobility in MOSFET sisthe most important physical quantity used to describe
drain current. Moreover, it is an essential probe used to study the electrical properties of
atwo-dimensional carrier system. To extract an accurate low field mobility (1°) a local
formulation which accounts for the Coulombic scattering, as well as phonon and surface

roughnesstermsis used [78]:
I/ILO = 1/,U/phonon + l/ﬂsurface + l/ﬂcoulomb (44)

where Hphonons Msurface and Heoulomb A€ reSpeCtlver

_ 11 n'5  2.9x108y.
Heoulomb = max(135 x 10 N,20° N,20 ),

Msurface = 8.3 X 1014/Eeff2.0;
Iphonon = 8.95 X 10°/ By + 3.23 x 105N203 /(T - E,;;°%%);

The quantity n is the local carrier concentration near the source and N, is the back-
ground dopant density. Thenormal field, E.;f, isgivenas, E.rr = (Vi—Vip—2¢5)/3tos+
(‘/;]s - VFB)/6toa: [27]

Dueto thelateral gradient of source/drain doping in scaled devices under the gate over-
lap region, the portion of accumulation resistance (R,..) relative to the total external resis-

tance (Rs = Ruce + Rspr + Reontact) DECOMES Significant. R, IS expressed as.

L
Racc = 4.5
Xj Macccox ‘/;75 ( )

where 114 1S the mobility under the gate overlap. Then, R,.. is added to the source/drain

extension resistance (Rs ) @ source resistance.
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4.5 Potential and E-field Modeling

In small devices, the step-likeincrease of |ateral electric field in the channel region near the
source is responsible for the nonlocal effects and contributes significantly in determining
in drain current. Thus, drain current in the non-local channel region can be predicted by

proper modeling the electric field (i.e. derivative of the potential) near the source [80].

Figure 4.6(a) shows the quasi-Fermi potential differences along the channel direction,
comparing HD and DD simulation results. The potential at the drain edge, extracted from
DD simulationsis lower than that obtained using HD simulations due to the velocity sat-
uration effect that occur in the DD model (i.e. vy, ~ 1 x 107 cm/sec). In addition, the
total potential drop at the source and drain is equal to nearly haf of the applied drain
bias (V) due to external source/drain resistance contributions. The electric-field near the
source (E'x (0™)), derivative of the potential, for the HD model is higher than that for the
DD model, as shown in Figure 4.6(b). To model the off-equilibrium potential and electric
field distributions along the channel (z-direction), the following expression is proposed,

using the boundary conditions at the source and drain edges:

‘/s’s

- Vo,
R

V(z) (4.6)

where V=1, R, and Vy ,.=Vy-14, R, by assuming Rs ~ Rp; ¢ isafitting parameter in the

range 0.8~1.0.
Hence,
Wers
av(e) — Ves(I =322 @)
dx N T oV 2 .
Lol = ;0=

ThusV(z) = Vysatx =0and V(x) = (Vgs — Ves)ld @ x = L,. Figure 4.7(a) shows
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the potential distribution obtained from Equation (4.6) along with HD simulation results.
The electric field distribution is calculated by taking the derivative of V'(x) with respect to
channel position, as shown in Figure 4.7(b).

The critical distance (1) from the source in Figure 4.6(b) where the potential changes

by k5T /q isdetermined as Ex (07) [87]:

AV (x)] =

(4.8)
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Figure 4.8 illustrates the calculated | based on using Equation (4.8), which decreases as
Vs increases because E'x (0) increases. Finaly, 1, is obtained by substituting the v(0) =
1P Ex (07) into Equation (4.3) and iterating to a solution, assuming that C, isindependent
of V, bias. Figure 4.9 shows the calculated electric field at [ (Ex (0™)) for different drain
bias. Figure 4.10 shows the calculated I, based on the proposed model compared with
HD simulation. The curve shows some small differences with simulation which can be
attributed to the use of constant C,,; valueswith respect to V;,. For more accurate prediction
for drain current, accurate modeling of Cy; isrequired since it may vary as the ultra-short

channel MOSFET entersinto the saturation region.
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46 Summary

A ssmple MOSFET on-current model, taking into account the off-equilibrium transport is
proposed based on use of Lundstrom’s formulation, augmented with analytical calcula-
tionsthat are calibrated using HD simulations. The model shows good agreement with the

hydrodynamic device simulation results for 50 nm MOSFETSs.
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Conclusions

5.1 Introduction

There are a number of issuesin scaling MOSFET devices, particularly for the sub-100 nm
technology evolution. The most critical issue is the gate dielectric, because very thin gate
oxides are required for sub-100 nm generations. For such thin oxides, gate leakage cur-
rent due to direct tunneling becomes unacceptably large. In order to decrease the leakage
current due to tunneling, the physical thickness of the dielectric must increase, while the
equivalent oxide thickness must continue to be reduced. Use of alternate gate materials
with dielectric constant higher than that of silicon dioxide is the leading projected solution
to reduce the gate |eakage current to more tolerable levels. Therefore, modeling of the thin
oxiderelated issues, such as gate direct tunneling current, gate capacitance, and capacitance
reconstruction are crucial for further gate oxide scaling. On the other hand, ultra-shallow
source/drain extensions are al so required, and technologiesfor ultra-low energy implant (<
0.5 keV) and laser annealed dopant activation are projected solutions needed to achieve the

ultra-shallow junctions. However, the requirements of low external resistance and shallow
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junction depth will become increasingly difficult without technology innovations, because
of the trade-off between good short-channel characteristics and high-drive current. More-
over, conventional low-energy ion implantation tends to result in high sheet resistance due
to the degradation of carrier activation efficiency. In addition, to maintain the on-current
and deal with short-channel effects, advanced channel engineering techniques such as op-
timized halo implants and the use of high mobility silicon/germanium epitaxial layers are
envisioned.

Modeling and simulation can play a critical role in overcoming difficult challenges
for future technology; in this thesis, device physics issues on nanoscale MOSFETs are
discussed and new modeling approaches are proposed in the scope of gate, source/drain,

and channel regions.

5.2 GateModeling

Accurate characterization and modeling of ultra-thin oxides in the direct tunneling regime
is essential as the MOSFET gate oxide thickness rapidly approaches the direct tunneling
limit that ultimately leads to an intolerable increase in leakage current and standby power.
MOS C-V characteristics of gate oxide thicknesslessthan 2.0 nm are model ed with an em-
pirical, hybrid QM corrections and implemented in a 2D device simulator. The C-V char-
acteristics of ultra-thin MOS capacitors ranging between 1.3-1.8 nm, which show a sharp
decrease in capacitance for gate oxides below 2.0nm, are modeled using a distributed RC
network that includes a QM capacitance model. A numerically calculated gate tunneling
current is used to set the shunt conductance in the gate. This combined numerical/lumped
model maintains excellent (and physical) accuracy compared to experiments. It combines
gate tunneling current in both the accumulation and inversion regions, which is calculated

using aGreen’sfunction solver. A reconstruction techniqueto correct for anomalousC' — V'
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behavior has also been proposed using the distributed RC network to account for both the
QM and distributed RC effectsin MOSFETSs. The intrinsic gate capacitance is sSimultane-
ously extracted from the anomalous measured C'— V' curves. Thereconstructed C'— V' data
is comparable to the theoretical QM calculations for very-thin nitride/oxide gate dielectric
(tog.cq—qm ~ 1.4 nm) MOSFETS,

A direct tunneling model for circuit simulation is devel oped that incorporates an explicit
surface potential model and quantum-mechanical corrections. Simulated gate currentsfrom
thismodel demonstrate good agreement with the results from a numerical solver and mea-
sured data for gate oxides with thickness ranging between 1.3 — 1.8 nm. The impact of gate
direct tunneling current on VLSI circuits has been studied for ¢,, < 1.8 nm, L, = 50 nm
MOS circuits based on circuit simulations. The gate current effectson ¢,,, = 1.5 nm MOS
circuits are shown to be negligible for low V4, static-logic circuits, while for analog and
dynamic-logic circuits they are shown to be vulnerable to the off-leakage current due to

direct tunneling, even for low V4, operation.

For scaling of sub-100 nm CMOS, a performance-based delay model that takes into
account the severe effects of gate leakage has been introduced. Using the delay model,
technology trade-offs for scaling CMOS below 100 nm are quantized; optimization of cir-
cuit speed as a function of technology parameters is achievable based on the consideration

of intrinsic physical effects as well asinclusion of parasitic components.

5.3 Source/Drain Modeling

For MOSFET scaling, the concurrent suppression of the short-channel effects and the
improvement of drain current and transconductance are necessary conditions. The ITRS

roadmap predicts that the SDE depths necessary to suppress short-channel effects will be
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as low as 10 nm for a channel length of 50 nm. Due to the high external resistance, fur-
ther improvementsin driving current for sub-100 nm device regime is extremely difficult,
as the channel resistance becomes comparable to the source and drain external resistance.
Since further down-scaling without improvements in MOSFET performance is meaning-
less, reduction of the external resistance components and accurate prediction their values
for shallow SDE MOSFETSs is of great importance. To achieve an accurate calculation
for external source/drain resistance, device simulation with an unified mobility model has
been applied to 100 nm devices. The trade-offs between the external resistance and the
short channel effects in sub-100 nm nMOSFET s are studied based on the accurate resis-
tance calculation. Asaresult, R,.. is shown to be highly dependent on the junction depth
and overlap length, which should be minimized (or optimized) for improvement in current
driving capability.

The external resistance for laser thermal processed 70 nm NMOSFETSs have been op-
timized using process and device simulations. The 70 nm NMOS transistor of AMD tech-
nology shows the highest /,,, when the L, is 5-10 nm for a X; is 20-25 nm and a spacer
length of 60—70 nm.

5.4 Channel Modeling

Limitations of gate length reduction in terms of the suppression of short channel effects
are estimated to be around 25 nm [1]. In the ultra-short-channel device regime, the drift-
diffusion model breaks down, especially where rapid spatial variations of potential are
observed. In such cases, the scattering events are no longer localized, and carriers may
acquire excessthermal energies near thedrain. These carriersare not inthermal equilibrium
with the silicon lattice which is referred to hot carrier effects. Under these circumstances,

it is possible for the carrier velocity to exceed the saturation velocity, which is so called
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velocity overshoot. Even though Monte Carlo device simulation has been established as
a powerful tool for the investigation of ballistic effects in deep submicron MOSFETS, its

excessive computation timeis a burden for practical design applications.

A simple on-current model considering the off-equilibrium and external resistance ef-
fectsis presented. To model the off-equilibrium potential and electric distributions along
the channel region, a new expression is devel oped using simulation-based boundary condi-
tions at the source and drain edges. This approach provides improved physical insight of
carrier transport in nanoscale devices and shows good agreement with the hydrodynamic

device simulation resultsfor L, = 50 nm MOSFETSs.

55 Recommendationsfor Future Work

There are various modeling issues that await exploration in nanoscale MOSFETSs. First,
numerical device simulation poses several ongoing challenges. Astransistors have reached
dimensions approaching the mean distance between collisions, it is strongly desirable to
fully exploit a multi-dimensional Poisson-Schrodinger solver that treats electrons as waves
traveling across the device. Modeling and characterization of high gate field effects — gate
direct tunneling (DT), polysilicon depletion, and gate-induced drain leakage (GIDL) — are
crucial. The gate DT current effects pose significant effort in understanding the physics
in the context of practica 2-dimensional devices. Hence, further numerical analysis is
needed, based on Poisson-Schrodinger solutionsin order to cal cul ate tunneling coefficients.
In addition to ongoing use of NEMO, Non-Equilibrium Greens Function calculations will
support the development and demonstration of a model suitable for implementation in a
conventional device simulator, based on the Density Gradient (DG) formulation. Model-

ing of 2-dimensiona dopant distributions including dopant diffusion mechanisms inside
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polysilicon gate and electrical simulation depending on 2/3D gate geometry are key con-
siderations in the modeling process for polysilicon depletion effects. GIDL is a primary
concern in nanoscale MOSFETS along with the gate edge DT current in terms of off-state
leakage current. Since GIDL isdetermined by both vertical and lateral electric fields along
the gate and drain overlap region, the relationship between GIDL and DT currents must be
understood. Along with the existing commercial device simulators that use band-to-band
tunneling formulations, it is necessary to determine appropriate models for trap-assistant
tunneling and its dependence on processing, bias and ambient conditions. Analog and RF
design typically requires an accurate description of not only currents and capacitance, but
also of the small-signal behavior. Impact of all the above effects on small-signal behavior
is no longer negligible in analog and RF application, especially for high frequency noise
performance.

The demand for new material and technologies becomes increasing in the nanometer
CMOS regime; understanding of mobility enhancement in the germanium strained sili-
con, reliability and mobility degradation in the high-x gate dielectrics, and various device
parameters in the metal electrodes are required. Scaling CMOS towards the 25 nm chan-
nel length generation requires innovative device structures to circumvent barriers due to
the fundamental physics in the conventional MOSFETs. These are SOI, back-gate FET,
double-gate FET and FinFET. Fundamental issues for these structures such as the physics

of carrier transport in very thin silicon channel must be further understood.
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