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Abstract
The present-day need to handle extremely complex computational problems effi-
ciently and the promising results that quantum computers have demonstrated in this
regard has catered attention of the researchers in the quantum computing domain.
To achieve the targeted Noisy Intermediate Scale Quantum Computers (NISQ), re-
searchers have been investigating the possible innovative solutions to address the
current qubit scale-up challenge. The most promising solution that has emerged is
the monolithic integration of qubits and control electronics in silicon, paving the
path towards Quantum Integrated Circuits (QICs), which requires qubits and cryo-
electronics to be operated at ∼1K to 4K temperature.

Research reports from the past have focused on the investigation and to some extent,
modeling of planar bulk CMOS and 22nm FDSOI technology for cryogenic elec-
tronics applications. This thesis is targeted at cryogenic investigation of sub-10nm
FinFETs and PDSOI devices, and the cryo-compatible industry standard compact
models that comprehensively capture the low temperature physics using the most
efficient semi-empirical equations. Detailed characterization and analysis of these
advanced technology node devices has been done from 300K down to 10K tem-
perature. The temperature trends for transfer and output characteristics; focusing
on various electrical parameters such as threshold voltage, subthreshold swing and
mobilities; are studied and the plausible underlying physical phenomena have been
comprehended. Extensive experimental investigation of electron and hole mobilities
in n- and p-channel FinFETs has been presented from 300K to 10K for variable
geometry devices. It is found that short-channel FinFETs show mobility degrada-
tion that jeopardizes the cryogenic benefits. Further, multifrequency capacitance
and conductance behavior of these devices has been evaluated to understand the
effect of frequency coupled with cryo-temperatures on interface defects/traps, series
resistance, dielectric response time and the tunneling currents.

After a detailed study on FinFETs, the impact of cryogenic temperature on the per-
formance of SOI technology is evaluated. For SOI, self-heating due to the presence
of thermally isolating BOX layer is a major concern. Thermal behavior of the 45nm
PDSOI devices has been examined at cryogenic temperatures. Due to the reduced
thermal conductivities at cryogenic temperatures, aggravated self-heating effect is
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observed at low temperatures. Another major issue with PDSOI devices is the mem-
ory effect due to floating body charge instability, which has also been extensively
addressed in this thesis.

The industry-standard compact models have been used over the years for com-
mercial applications. With the advent of cryogenic applications of CMOS devices,
these models need to be extended for these cryogenic effects. Hence, this thesis
also presents a unified compact model that can be used to predict MOS device
characteristics from room temperature down to cryogenic temperature by proposing
modifications to BSIM-CMG and commercial PDKs. The circuit-level simulations
are performed at cryogenic temperatures to understand the circuit implications of
the low-temperature effects and to test the applicability of the proposed models.

vi



 

 
 

 

 

 
 

 

 

 

 

 

                                                                               

       vii 

 

 



 

 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                         viii 

 



Contents

Certificate i

Acknowledgements ii

Abstract v

Contents ix

List of Figures xiii

List of Tables xix

Physical Constants xxi

Symbols xxiii

Abbreviations xxv

1 Introduction 1
1.1 Towards the era of Quantum Computing . . . . . . . . . . . . . . . . 1
1.2 Fault tolerant Intermediate Scale Quantum Computers: Realization

and Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Cryo-CMOS for Quantum applications: State-of-the-art . . . . . . . . 8
1.4 MOSFET physics at cryo-temperature . . . . . . . . . . . . . . . . . 10
1.5 Cryo-Compatible Compact models . . . . . . . . . . . . . . . . . . . 16
1.6 Cryogenic Characterization . . . . . . . . . . . . . . . . . . . . . . . 17
1.7 Dissertation Objectives and Organization . . . . . . . . . . . . . . . . 21

2 Cryogenic Temperature DC-IV Measurements and Compact Mod-
eling of Bulk FinFETs for Quantum Computing Applications 43

ix



Contents x

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2 DC Characterization down to cryogenic temperatures . . . . . . . . 44
2.3 Modeling Results at 300K . . . . . . . . . . . . . . . . . . . . . . . . 46
2.4 Low temperature Modeling Results . . . . . . . . . . . . . . . . . . . 48
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3 Effective Channel Mobility Extraction and Modeling of Bulk CMOS
FinFETs in Cryogenic Temperature Operation 57
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2 Device Description and Measurement Setup . . . . . . . . . . . . . . 59
3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.3.1 Effective Mobility Extraction From 300K to 10K . . . . . . . 61
3.3.2 Mobility Degradation and Temperature Dependence . . . . . 64

3.4 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.4.1 SS and Threshold voltage (Vt) modeling . . . . . . . . . . . . 70
3.4.2 Ids-Vgs and µeff modeling . . . . . . . . . . . . . . . . . . . . . 73
3.4.3 Benchmark Tests . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4 Investigation and Modeling of Multifrequency CV Characteristics
for Bulk FinFETs at Cryogenic Temperatures 87
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.2 Device Specification and Measurement Setup . . . . . . . . . . . . . . 89
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.3.1 Temperature dependence of multifrequency Cm-Vgs charac-
teristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.3.2 Temperature dependence of accumulation region surface po-
tential quotient . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.3.3 Low-temperature Cm-Vgs modeling . . . . . . . . . . . . . . . 100
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5 Investigation and Sub-circuit modeling of Self-heating in PDSOI
NFETs at Cryogenic Temperatures using Pulsed IV Technique 109
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2 Device Description and Measurement Setup . . . . . . . . . . . . . . 111

5.2.1 Device description . . . . . . . . . . . . . . . . . . . . . . . . 111
5.2.2 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.3.1 Extraction of isothermal characteristics from 300K to 10K . . 113
5.3.2 Temperature and width dependence of extracted SHF char-

acteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.3.3 Rth extraction and its temperature and width dependence . . 120



Contents xi

5.3.4 Statistical variation and error analysis . . . . . . . . . . . . . 126
5.4 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.4.1 DC characteristics modeling results . . . . . . . . . . . . . . . 127
5.4.2 Sub-circuit modeling results for SHE . . . . . . . . . . . . . . 130

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6 Memory effects in 45-nm PDSOI MOSFETs at Cryogenic Temper-
atures 141
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
6.2 Measurement Setup and Device details . . . . . . . . . . . . . . . . . 142
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.3.1 Pulsed Characteristics under different Q-points from 300K to
10K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.3.2 CMOS circuit implications of transient effects at cryogenic
temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

7 Conclusion 157
7.1 Scope for Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . 161

A MATLAB SCRIPTS 165
A.1 Parse files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
A.2 Mobility extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
A.3 Multifrequency CV script . . . . . . . . . . . . . . . . . . . . . . . . 173

B PEL SCRIPTS IN ICCAP 177
B.1 Creating DUTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
B.2 Importing data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
B.3 Vt extraction over temperature . . . . . . . . . . . . . . . . . . . . . 180

List of Publications 186

Biography 190





List of Figures

1.1 (a) and (b) Quantum Supremacy by Sycamore Quantum Processor
with 53 qubits over conventional supercomputers [4]-[5], (c) and (d)
Challenges towards following Rose’s roadmap [14]. . . . . . . . . . . . 3

1.2 Some of the possible qubit implementations with associated error
rates and number of qubits[16]. . . . . . . . . . . . . . . . . . . . . . 4

1.3 IBM’s projected roadmap for quantum development[22]. . . . . . . . 5
1.4 (a) Readout for spin-based qubits [29], (b) Intel’s Tunnel Falls [30],

and (c) Quantum dot demonstration in III-V semiconductor [32]. . . 6
1.5 (a) Conventional Quantum Computer issues, (b) Cryo-CMOS con-

troller with few complex functionalities at 4K [35], and (c) Monolithic
design for QCs [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.6 Cryogenic probe station with zoomed view of probes and sample stage. 17
1.7 Optimized measurement approach for cryogenic characterization. . . 18
1.8 (a) B1500A Semiconductor Parameter Analyzer, (b) MFCMU and

SCUU for CV measurements, and (c) WGFMU for pulsed character-
ization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1 A TEM image of the bulk FinFET across S/D region . . . . . . . . . 45
2.2 Ids-Vgs characteristics at T = 300K for Vds = 50 mV. Symbols: Mea-

surement data. Lines: BSIM-CMG model. . . . . . . . . . . . . . . . 46
2.3 Ids-Vgs characteristics at T = 300K for Vds = 1 V. Symbols: Mea-

surement data. Lines: BSIM-CMG model. . . . . . . . . . . . . . . . 47
2.4 gm-Vgs characteristics at T = 300K for Vds = 50 mV. Symbols: Mea-

surement data. Lines: BSIM-CMG model. . . . . . . . . . . . . . . 47
2.5 (a)Ids-Vds characteristics and (b) gds-Vds characteristics, of Lg = 20

nm for Vgs ranging from 0.4 V to 1 V at T = 300K. Symbols: Mea-
surement data. Lines: BSIM-CMG model. . . . . . . . . . . . . . . 48

2.6 Model-hardware correlation for Ids-Vgs characteristics from 353K to
4K at (a) Vds = 50 mV and (b)Vds = 1 V, for Lg = 20 nm. Symbols:
Measurement data. Lines: BSIM-CMG model. . . . . . . . . . . . . 49

2.7 Model-hardware correlation for (a) Threshold voltage (Vt) vs. tem-
perature at Vds = 50 mV, 1 V and (b) Subthreshold swing (SS) vs.
temperature at Vds = 1V, for Lg = 20 nm. Symbols: Measurement
data. Lines: BSIM-CMG model. . . . . . . . . . . . . . . . . . . . . 50

xiii



List of Figures xiv

2.8 Model-hardware correlation of Ids versus Temperature. For measure-
ments, linear Vds = 50 mV and saturation Vds = 1 V was used.
Symbols: Measurement data. Lines: BSIM-CMG model . . . . . . . 51

3.1 TEM cross section of the FinFET. . . . . . . . . . . . . . . . . . . . 59
3.2 Capacitance–voltage (Cgc-Vgs) characteristics for (a) gate length (Lg)

= 60 nm, p-FinFET; (b) Lg = 60 nm, n-FinFET; (c) Lg = 40 nm,
p-FinFET; and (d) Lg = 40 nm, n-FinFET. Inset in (c) shows various
parasitic capacitances. . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.3 Inversion capacitance (Cinv)–Lg characteristics for (a) n-FinFET and
(b) p-FinFET. Inset in (a) represents Cinv as a series combination of
oxide capacitance (Cox) and inversion layer capacitance (Ci). Cinv is
obtained at overdrive voltage (|V od|) of 0.8 V. |V od| = |V gs| - |V t|,
where Vgs represents the gate-to-source voltage and Vt is the thresh-
old voltage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4 (a) Channel length reduction factor (∆L) variation with temperature
(T). (b) Temperature dependence of EOT. Dashed lines are the best-
fit lines. Dotted lines represent the percentage change in EOT across
extreme temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.5 Channel resistance (Rch) at various overdrive voltages (|V od|) for Lg=
60 nm (a) n-FinFET and (b) p-FinFET. The insets represent the
corresponding characteristics for Lg= 40 nm. . . . . . . . . . . . . . 64

3.6 Effective mobility (µeff) versus |V od| characteristics from 300K to 10
K for (a) Lg = 60 nm, n-FinFET; (b) Lg = 60 nm, pFinFET; (c) Lg
= 40 nm, n-FinFET; and (d) Lg= 40 nm, p-FinFET. . . . . . . . . . 65

3.7 (a) Peak effective mobility (µeff,peak) as a function of Lg for electrons
of n-FinFET and holes of p-FinFET. (b) Effective mobility at high
|V od| of 0.55 V (µeff,sur) as a function of Lg for electrons of n-FinFET
and holes of p-FinFET. m represents the slope and dashed lines are
the best-fit lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.8 (a) µeff,peak versus T for n-FinFET. (b) µeff,peak versus T for p-FinFET.
(c) µeff,sur versus T for n-FinFET. (d) µeff,sur versus T for p-FinFET.
µeff,sur represents µeff values at |V od| = 0.55 V. Lg = 60 and 40 nm for
these devices. m represents the slope and dashed lines are the best-fit
lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.9 Y-function (Ids/
√
gm ) versus Vgs at different T for n-FinFET with

Lg (a) 60 and (b) 40 nm. . . . . . . . . . . . . . . . . . . . . . . . . 69
3.10 For n-FinFET with Lg = 60 and 40 nm (a) low field mobility (µ0) nor-

malized to room temperature low field mobility versus T. (b) µeff,peak
normalized to µeff,peak at 300K versus T. . . . . . . . . . . . . . . . . 69

3.11 Ids–Vgs characteristics at different temperatures for (a) Lg = 60 nm,
n-FinFET; (b) Lg = 60 nm, p-FinFET; (c) Lg = 40 nm, n-FinFET;
and (d) Lg = 40 nm, p-FinFET. Applied drain-to-source voltage,
|V ds| = 50 mV. Symbols: measured data. Solid lines: proposed model. 71



List of Figures xv

3.12 Model-hardware correlation of SS versus T for (a) Lg = 60 nm, n-
and p-FinFETs and (b) Lg = 40 nm, n- and p-FinFETs. . . . . . . . 72

3.13 Vt model-hardware correlation plots at different temperatures for n-
and p-FinFETs with Lg (a) 60 and (b) 40 nm. . . . . . . . . . . . . 73

3.14 Model-hardware correlation of µeff -|V od| characteristics at different
temperatures for (a) Lg = 60 nm, n-FinFET; (b) Lg = 60 nm, p-
FinFET; (c) Lg = 40 nm, n-FinFET; and (d) Lg = 40 nm, p-FinFET
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.15 (a) Coulombic Scattering related parameter versus T. (b) Surface-
Scattering-related parameter versus T. Symbols represent the param-
eter values and dotted lines are the best-fit lines. . . . . . . . . . . . 77

3.16 (a) DC gummel symmetry test at T = 10K. (b) Single-tone harmonic
balance simulations at T = 10K upto fifth order harmonic, Vgs = 400
mV and fundamental frequency (f0) = 1 MHz, m represents slope. (c)
Gate charge symmetry. (d) AC symmetry for source-drain. . . . . . . 78

4.1 Schematic view of the measurement circuit configuration. . . . . . . 90
4.2 Capacitance-Voltage (Cm-Vgs) characteristics over frequency (f) range

from 10 KHz to 1 MHz for temperature (T): (a) 300K, (b) 77K, and
(c) 10K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.3 Capacitance-Voltage (Cm-Vgs) characteristics from 300K to 10K for
frequencies (f): (a) 10 KHz, (b) 100 KHz, and (c) 1 MHz. . . . . . . . 92

4.4 (a) Flatband voltage (Vfb) variation with temperature and frequency,
(b) % Dispersion as a function of temperature for a decade frequency
change. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.5 Series Resistance (Rs) as a function of frequency for different temper-
atures at Vgs = -0.8 V. T1, T2 and T3 represent temperature points
300K, 77K, and 10K respectively, while f1, f2 and f3 are frequencies
10 KHz, 100 KHz, and 1 MHz respectively. Inset represents Rs as a
function of T for f2 and f3. . . . . . . . . . . . . . . . . . . . . . . . . 94

4.6 (a) MOS equivalent circuit including substrate time constant effects
[15], (b) Equivalent measurement circuit for Cm and conductance
(Gm), and (c) Equivalent parallel circuit [8]. . . . . . . . . . . . . . . 95

4.7 Normalized parallel conductance (Gp/ω) as a function of ω charac-
teristics for: (a) Vgs = -1 V, T = 300K to 10K; (b) Vgs = -0.8 V, T
= 300K to 10K; (c) T = 300K, Vgs = -1 V to -0.6 V; and (d) T =
30K, Vgs = -1 V to -0.6 V. . . . . . . . . . . . . . . . . . . . . . . . . 97

4.8 Substrate time constant (τ sub) as a function of temperature. . . . . . 97

4.9 (a)
√

Cm-1
(

dCm
dV gs

)
as a function of Cm characteristics in accumulation

for T = 300K, 150K and 77K at f = 100 KHz; and (b) Temperature
dependence of accumulation region surface potential quotient (βacc). 99



List of Figures xvi

4.10 Model-hardware correlated Cm-Vgs characteristics at different tem-
peratures for frequency: (a) 10 KHz, (b) 100 KHz, and (c) 1 MHz.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.1 Schematic showing the DUT connections with waveform generator
fast measurement unit (WGFMU), along with the applied biasing
conditions at the gate and drain terminals. . . . . . . . . . . . . . . 112

5.2 Extraction procedure to obtain isothermal output characteristics. . . 114
5.3 For Wtot = 760 nm device: (a) Drain current time evolution profile

(Id-t trace) for various rise times (trise) and (b) Enlarged view of
measured and fitted Id-t curve with trise = 50 ns. Applied drain-to-
source voltage, Vds = 900 mV and chuck temperature (Tchuck) = 10K.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.4 For Wtot = 760 nm device, Id,rise as a function of trise at: (a) Tchuck =
10K while Vds is varied from 900 mV to 400 mV in steps of 100 mV,
and (b) Vds = 900 mV for various Tchuck. Symbols represent Id,rise
values and the dashed lines are the best-fit lines. . . . . . . . . . . . 116

5.5 For Wtot = 152 nm device, drain current time evolution profile (Id -t
trace) for various rise times (trise) at chuck temperature (Tchuck) =
10K and applied drain-to-source voltage, Vds = 900 mV. The inset
represents the Id,rise values extrapolated to trise ∼ 0 ns at Tchuck =
10K while Vds is varied from 900 mV to 400 mV in steps of 100 mV.
Symbols in the inset represent Id,rise values and the dashed lines are
the best-fit lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.6 (a) and (b) Extracted self-heating free (SHF) characteristics at var-
ious Tchuck for Wtot = 760 nm and 152 nm respectively;(c) and (d)
Comparison between DC and SHF characteristics at 10K for Wtot =
760 nm and 152 nm respectively. . . . . . . . . . . . . . . . . . . . . 119

5.7 (a) ∆Ion% variation with Tchuck, and (b) ∆Id% variation with Vds at
Tchuck = 10K. Symbols represent the data and dashed lines are the
best-fit lines. m having units of V-1 represents the slope. . . . . . . . 120

5.8 Effective thermal resistance (Rth) extraction from intersection points
of DC and isothermal characteristics at different Tchuck for: (a)-(c)
Wtot = 760 nm device; and (d) Wtot = 152 nm device. The inset
shows the enlarged view of the intersection. . . . . . . . . . . . . . . 121

5.9 Comparison of Rth vs. device temperature (Tdev) plot, extracted at
different Tchuck from conventional (∆T vs. Pdis) as well as by using
optimized approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.10 For Wtot = 760 nm and 152 nm devices: (a) Rth as a function of
Tchuck, (b) ∆T as a function of Tchuck. . . . . . . . . . . . . . . . . . 123

5.11 Layouts for devices with different Wtot having multiplicity through
Nf of 5 and 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125



List of Figures xvii

5.12 Using 95% confidence bound limit: (a), (b) %Relative error in ∆Ion%
and Rth; and (c), (d) ∆Ion% and Rth with calculated error bars re-
spectively at different Tchuck. Dotted lines in (a) and (b) mark the
error margin of 1% and 15% respectively. Wtot for devices = 152 nm. 127

5.13 For Wtot = 760 nm, model-hardware correlation using PDK of Ids-Vgs
characteristics at Tchuck = 300K and 250K for Vds: (a) 50 mV and
(b) 900 mV. Symbols: Measured data, Solid lines: PDK model. . . . 128

5.14 For Wtot = 760 nm, model-hardware correlation using PDK of output
characteristics at: (a) different Vgs when Tchuck = 300K and (b) Vgs
= 900 mV for various Tchuck respectively. Symbols: Measured data,
Solid lines: PDK model. . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.15 Modeling strategy for capturing device behavior over a wide temper-
ature range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.16 (a) Proposed sub-circuit model, (b) Rdrain as a function of Tchuck for
Vds = 900 mV, and (c)Variation in Rdrain with self-heating switch
SHMOD at low temperatures. . . . . . . . . . . . . . . . . . . . . . 132

5.17 Model-hardware correlation at different Tchuck using proposed sub-
circuit for: (a) and (c) DC output characteristics for Wtot = 760 nm
and 152 nm respectively; (b) and (d) SHF output characteristics for
Wtot = 760 nm and 152 nm respectively. Vgs = 900 mV. . . . . . . . 133

6.1 Gate and drain pulses for the two Q-point conditions. . . . . . . . . 143
6.2 Output characteristics at various pulse widths (τ) for: (a) NFET,

and (b) PFET. Gate-to-source voltage (|Vgs|) is varied from 0.9 V to
1.2 V in steps of 100 mV. . . . . . . . . . . . . . . . . . . . . . . . . 145

6.3 Pulse width (τ) dependence of |Id| for: (a) NFET, and (b) PFET.
Gate-to-source voltage (|Vgs|) is varied from 0.9 V to 1.2 V in steps
of 100 mV and |Vds| =1V. . . . . . . . . . . . . . . . . . . . . . . . . 145

6.4 At |Vgs| = 0.9 V, output characteristics for various τ under Q1 and
Q2 (|Vgsq| =1V) for: (a) PFET and (b)NFET. . . . . . . . . . . . . 146

6.5 τ dependence of |∆Id,gate|% due to different initial Q- point conditions
(|Vgsq| =1V for Q2) for: (a) NFET and (b)PFET. . . . . . . . . . . . 147

6.6 For τ = 200 ns, effect of different |Vgsq| on |∆Id,gate|% for: (a) NFET
and (b) PFET. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.7 For |Vgs|= 0.9 V, |Vgsq|=1 V under Q2 and τ = 200 ns, output char-
acteristics under different Q-points at various temperature T for: (a)
PFET and (b) NFET. . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.8 Temperature dependence of |∆Id,gate|% at |Vgs|= 0.9 V while |Vgsq|=1
V under Q2 and τ = 200 ns for: (a) PFET and (b) NFET. . . . . . 149

6.9 Schematic showing CMOS inverter along with two cases for input (Vin).150
6.10 Model-hardware correlation using PDK of DC as well as pulsed |Id|-

|Vds| characteristics at |Vgs| = 0.9 V under different Q-point at 300K
for: (a) NFET and (b) PFET. . . . . . . . . . . . . . . . . . . . . . 150



List of Figures xviii

6.11 Model-hardware correlation using PDK of pulsed |Id|-|Vds| character-
istics under Q1 at 50K . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.12 Output fall-time delay (TDf ) simulations for: (a) case A and B at
300K and (b) case A from 300K to 50K. . . . . . . . . . . . . . . . . 152



List of Tables

3.1 Optimized values for Surface Scattering Parameters. . . . . . . . . . . 76
3.2 Optimized values for Coulomb Scattering Parameters. . . . . . . . . . 76
3.3 Optimized values for Phonon Scattering Parameters. . . . . . . . . . 76

4.1 Optimized values for Parameters. . . . . . . . . . . . . . . . . . . . . 101

5.1 Fitting Parameters for Rth and ∆T equations. . . . . . . . . . . . . . 125
5.2 Optimized values for the Sub-circuit model. . . . . . . . . . . . . . . 133

6.1 Different Q-point conditions used for analysis of floating-body tran-
sient effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

xix





Physical Constants

Name Symbol Value
Dielectric constant of Silicon ϵSi 11.7
Dielectric constant of Silicon dioxide ϵSiO2 3.9
Dielectric constant of Hafnium oxide ϵHFO2 20
Bandgap of Silicon Eg 1.12 eV

xxi





Symbols

Symbol Description
Nfin No. of fins
Hfin Fin Height
W tot Total Width
Lg Designed gate length
V gs Gate-to-source voltage
V ds Drain-to-source voltage
µeff Effective mobility
V t Threshold voltage
V th Thermal voltage
Leff Effective length
Qi Inversion charge
Cox Oxide capacitance
tinv Inversion thickness
C inv Inversion capacitance
gm Transconductance
gds Output conductance
∆L Channel length reduction factor
Rch Channel resistance
V od Overdrive voltage
RS Series resistance
V fb Flatband voltage
βacc Accumulation region surface potential quotient
τ sub Substrate time constant
Rth Thermal resistance

xxiii



Symbols xxiv

K th Thermal conductance
T chuck Chuck temperature
∆T Temperature rise
qb Body charge
TDf Output fall-time delay
Ion On current
t Time
T Temperature



Abbreviations

Abbreviation Description
BEOL Back End Of Line
BSIM Berkeley Short-Channel IGFET Model
BTI Bias Temperature Instability
CCR Closed Cycle Refrigerator
CMG Common Multi-Gate
CMOS Complementary Metal Oxide Semiconductor
CV Capacitance versus Voltage
DIBL Drain Induced Barrier Lowering
DR Dilution Refrigerator
DUT Device Under Test
EOT Equivalent Oxide Thickness
FinFET Fin Field Effect Transistor
GSWU Guard Switch Unit
HCD Hot Carrier Degradation
IC Integrated Circuit
ITRS International Technology Roadmap for Semiconductors
MFCMU Multi Frequency Capacitance Measurement Unit
MOSFET Metal Oxide Semiconductor Field Effect Transistor
NISQ Noisy Intermediate Scale Quantum
PDK Process Design Kit
QC Quantum Computer
QD Quantum Dot
QIC Quantum Integrated Circuit
qLPDC Quantum Low-Density Parity Check
QPU Quantum Processing Unit

xxv



Abbreviations xxvi

RSU Remote Switch Unit
RTS Random Telegraph Signal
SCE Short Channel Effects
SCUU SMU CMU Unify Unit
SHE Self Heating Effect
SHF Self Heating Free
SOC System On Chip
SOI Silicon On Insulator
SS Subthreshold Swing
TCAD Technology Computer Aided Design
TDDB Time Dependent Dielectric Breakdown
TEM Transmission Electron Microscopy
TMP Turbo Molecular Pump
TPS Turbo Pumping System
VCO Voltage Controlled Oscillator
WGFMU Waveform Generator Fast Measurement Unit


