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Compact Modeling of the RF and Noise
Behavior of Multiple-Gate MOSFETSs

In the last decade, the downscaing of the complementary metal-oxide-
semiconductor (CMOS) has been the main technological process in the industry.
However, we have reached a point where further scaling faces a significant
challenge. The main issue arises from the high-channel doping required to control
short-channel effects (SCE), which significantly degrades carrier mobility and
reduces the drain current. It also increases bond-to-bond tunneling across the
junctions, leading to an increase of the parasitic leakage current. In addition, the
statistica fluctuation of channel dopants causes variations in the threshold voltage.
As a consequence, the implementation of the new structures such as ultra-thin body
(UTB) fully depleted (FD) silicon-on-insulator (SOI) and multiple-gate MOSFETS
(MUGFETS), which require lower doping levels, appears to be the only viable
dternative in silicon-based technologies to replace planar bulk CMOS devices.
However, the tremendous challenges faced by the implementation of FD SOI
devices (such as a precise control of the silicon film thickness, the reduction of
source and drain resistances to tolerable values, etc.) has driven some major
integrated circuits (1C) manufacturers - such as Intel or IBM - to directly target the
fabrication and production of multiple gate transistors.

The introduction of multiple-gate structures has various advantages. As
pointed in the last section, among these advantages is the improved electrostatic

control of the charges in the channel, an increase in current gain and areduction in
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the junction capacitances. The existence of the second gate in the buried oxide
increases the control in the channel because it reduces the influence of the
penetrating lateral electric field which competes for the available depletion
charges. This extra second gate or multiple-gate also increases the number of

conducting surfaces which in turn increases the total current flow.

With the increase in device complexity come new challenges in modeling
these devices. As the channel gets smaller and smaller, new effects appear, which
put a strain on the current numerical simulators. In nowadays market, no one can
afford to spend huge resources for simulation hardware, or hundreds of hours on
numerical software simulations. Here is where the compact modeling of
semiconductor devices comes in. It’s main advantage is that it drastically reduces
the computation times, while being based on the physical characteristics of the
devices, which ensures a remarkable compatibility with numerical simulators. At
the same time, these models are perfect for use in circuit simulators, which alows

circuit designers endless possibilities for new device architectures.

This research work has been conceived to cover precisdly these aspects.
The models described here are physica models, with very few adjusting
parameters, that are usually replaceable with values extracted from experimenta
measurements; they are compact models, making use of approximate expressions
that have been tweaked to offer a very good fit with numerical simulations and
offering in exchange the advantage of computation speed, decreasing the
simulation time and thus the productivity. Another major advantage is the fact that
these models can be easily incorporated into circuit simulators, which alows
designers to unleash the full capabilities of the design software to create new

devices and applications.
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The most promising SOI devices for the nanoscale range are based on
multiple gate structures like the Double-Gate (DG), triple gate or FinFET and
Surrounding-Gate (SGT) or Gate-All-Around (GAA). These advanced structures
can be scaled more aggressively than the bulk-Si structures, hence, may be adapted
for integrated circuit production. Also, these structures are regarded as a near ideal
technology, offering a higher drive current than its SG SOI counterpart due to
larger control over channel region, and this strongly enhances the immunity
towards the short channel effects. With the evolution of MOSFET scaling to
shorter gate lengths, the high-frequency capabilities of the transistor have reached
the GHz regime so that RF circuit applications have been steadily growing.

In this thesis, the performances of different Multiple-Gate MOSFET (DG,
SGT and triple-gate) structures has been evaluated, for the RF mode of operation,
and the noise performances of these devices has been studied. The modeling
schemeis similar for al these devices and is adapted to each geometry.

The basis for al these models is the fully analytical compact model of the
DG transistor described in chapter 2. This model is an extended version of a
previously developed compact dc and charge model for doped DG-MOSFET from
a unified charge control model derived from Poisson’s equation. A quantum case
has been added, using a simple relationship between the inversion centroid and the
inversion charge obtained fitting numerical simulation results. Using this compact
charge control model, DC drain current models are derived assuming drift-

diffusion and hydrodynamic transport mechanisms.

We have proved that the electron heating has an important effect on the
performances of the device, especially with scaling, thus the use of a transport
model that takes into account this effect (the hydrodynamic transport model) is
fully justified.
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Several short channel effects have been incorporated into the model, such
as the effect of hot carriers, channdl length modulation, saturation effect, as well as
the shot noise introduced by the tunneling gate current due to the very gate thin

oxide (2nm).

The RF and noise performances of DG-MOSFETs have been analyzed
using the active transmission line approach from the compact charge control and
drain current model. The results we have obtained show important differences in
drain current, f, and f,. and noise performances between drift-diffusion and
hydrodynamic transport models for short gate lengths. These differences comes
from the effect of the velocity overshoot increasing the transconductance, and
hence, f; and f.. The intrinsic noise figure depends on the temperature model used
in the simulation. For short-channel devices operated in the saturation region, noise
exhibits a strong dependence on the drain bias because the velocity saturation
region, where the noise temperature is high, occupies a large portion of the
channel. Hydrodynamic models predict higher noise temperaturesin thisregion. In
these devices, for typical RF operating bias points, the effect of the shot noise
introduced by the gate current is small...however, with further downscaling, this

effect will have a bigger importance in the final noise figure.

The same approach has been applied to the SGT structure. In the SGT
case, the charge control model comes from 2D device simulations where quantum
effects corresponding to the intrinsic transistor parameters are taken into account.
The channel current model includes the velacity overshoot and hot carrier effectsin
the noise temperature. RF and noise are analyzed using the active transmission line
method. Furthermore, as an application of the model we have described the RF and

noise performance of SGT devices with the gate length being downscaled.
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For these two devices (DG and SGT), we have also developed a compact
noise model (instead of the channel segmentation method). It includes the channel
noise, the induced-gate noise and the cross-correlation noise between drain and
gate noises. The expressions are analytical and they depend on the mobile charge at
the source and drain ends of the channel. The values of the excess noise factors and
correlation coefficients follow the values previously obtained in the DG MOSFET
model. Moreover, the compact noise model described does not use adjusting
parameters, thus making it ideal for being used in circuit simulators with SGT
MOSFETS.

This compact noise model reproduces the measured noise bias behavior for
any gate length found for SG MOSFETSs in the literature, without the need for
additional parameters. Therefore, it is a very promising model for being used in

circuit smulators with SG, DG or SGT devices.

As for triple-gate (or FINFET) devices, we have proposed a compact RF
model, based on the charge control model obtained for the SGT case, but modified
for this specific architecture. The channel current model includes the velocity
overshoot and the hot carrier effects in the noise model. The analysis of the RF and
noise behavior has been done using the active transmission line method, and the
noise performances have been studied with the downscaling of the gate length, to
predict the device behavior at future technol ogical nodes.



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Scientific Publications

Published Journals

1. A. Lazaro, B. Nae, O. Moldovan, B. Iniguez, “A compact quantum model of
nanoscale double-gate metal-oxide-semiconductor field-effect transistor for
high frequency and noise simulations”, Journal of Applied Physics, 100,
084320 (2006)

2. A. Lazaro, B. Nae, B. Iniguez, F. Garcia, .M. Tienda-Luna, A. Godoy, “A
compact quantum model for fin-shaped field effect transistors valid from dc
to high frequency and noise simulations”, Journal of Applied Physics, 103,
084507 (2008)

3. A. Lazaro, A. Cerdeira, B. Nae, M. Estrada, B. Iniguez, “High-frequency
compact analytical noise model for double-gate metal-oxide-semiconductor
field-effect transistor”, Journal of Applied Physics, 105, 034510 (2009)

4.  B. Nae, A. Lazaro, B. Iniguez, “High frequency and noise model of gate-all-
around metal-oxide-semiconductor field-effect transistors”, Journal of
Applied Physics, 105, 074505 (2009)

5. A. Lazaro, B. Nae, C. Muthupandian, B. Iniguez, “High-frequency compact
analytical noise model of gate-all-around MOSFETs”, Semiconductor
Science and Technology, 25, 035015 (2010)



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

Conference Contributions

A. Lazaro, B. Nae, O. Moldovan, B. Iniguez, “A compact quantum model of
nanoscale double-gate MOSFET for RF and noise simulations”, Workshop
on Electronic Engineering, Jun. 26-27, 2006, Tarragona (Spain)

A. Lazaro, B. Nae, B. Iniguez, “Analytical RF and high frequency noise
model for undoped multiple-gate SOl MOSFETs”, XXI Conference on
Design of Circuits and Integrated Systems (DCIS), Nov. 22-24, 2006,
Barcelona (Spain)

A. Lazaro, B. Nae, B. Iniguez, “A compact quantum model of nanoscale
double-gate MOSFET for RF and noise simulations”, XXI Conference on
Design of Circuits and Integrated Systems (DCIS), Nov. 22-24, 2006,
Barcelona (Spain)

A. Lazaro, B. Nae, O. Moldovan, B. Iniguez, “A CAD model of nanoscale
double-gate MOSFET for RF and noise applications including quantum and
nonstationary effects”, 6™ Conference on Electron Devices (CDE), Jan. 31 —
Feb. 2, 2007, El Escorial (Spain)

A. Lazaro, B. Nae, O. Moldovan, B. Iniguez, “A compact quantum model of
nanoscale double-gate MOSFET for RF and noise simulations”, 6"
Conference on Electron Devices (CDE), Jan. 31 — Feb. 2, 2007, EI Escorial
(Spain)

B. Iniguez, A. Lazaro, H.A. Hamid, O. Moldovan, B. Nae, J. Roig, D.
Jimenez, “Charge-based compact modelling of multiple-gate MOSFETS”,
Custom Integrated Circuits Conference (CICC), Sep. 16-19, 2007, San Jose,
CA (USA)



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS

Bogdan-Mihai Nae
DL: T. 1456-2011

7.

10.

11.

12.

13.

B. Nae, A. Lazaro, B. Iniguez, “A FInFET compact model for high
frequency and noise analysis”, XII International Conference on Simulations
of Semiconductor Processes and Devices (SISPAD), Sep. 25-27, 2007,
Viena (Austria)

A. Lazaro, B. Nae, B. Iniguez, “A FIinFET compact model for high
frequency and noise analysis”, XXII Conference on Design of Circuits and
Integrated Systems (DCIS), Nov. 21-23, 2007, Sevilla (Spain)

B. Iniguez, A. Lazaro, O. Moldovan, B. Nae, A. Cerdeira, “Advanced
compact modelling techniques of nanoscale multi-gate MOSFETS”, Lester
Eastman Conference on High Performance Devices, Aug. 5-7, 2008,
Delaware (USA)

B. Iniguez, A. Lazaro, O. Moldovan, B. Nae, H.A. Hamid, “Compact small-
signal modelling of multiple-gate MOSFETs up to RF operation”, MOS
Modeling and Parameter Extraction Working Group (MOS-AK), Sep. 19,
2008, Edinburgh (UK)

A. Lazaro, A. Cerdeira, M. Estrada, B. Nae, B. Iniguez, “Estudio de
linealidad para transistores DG MOSFET”, XXIII Symposium Nacional
URSI, Sep. 22-24, 2008, Madrid (Spain)

B. Nae, A. Lazaro, B. Iniguez, F. Garcia, .M. Tienda-Luna, A. Godoy, “DC,
RF and noise compact model for FinFETSs including quantum effects”, XXIlI
Conference on Design of Circuits and Integrated Systems (DCIS), Nov. 12-
14, 2008, Grenoble (France)

B. Nae, A. Lazaro, B. Iniguez, “High frequency and noise compact model of
gate-all-around MOSFETSs including quantum effects”, 5" Workshop of the
Thematic Network on Silicon on Insulator Technology, Devices and Circuits
(EUROSOI), Jan. 19-21, 2009, Goteborg (Sweden)



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

14.

15.

16.

17.

18.

19.

B. Nae, A. Lazaro, B. Iniguez, “High frequency and noise model of gate-all-
around MOSFETSs”, 7" Conference on Electron Devices (CDE), Feb. 11-13,
2009, Santiago de Compostela (Spain)

A. Lazaro, A. Cerdeira, M. Estrada, B. Nae, B. Iniguez, “Linearity study of
DG MOSFETs”, 7" Conference on Electron Devices (CDE), Feb. 11-13,
2009, Santiago de Compostela (Spain)

B. Iniguez, F. Lime, A. Lazaro, O. Moldovan, B. Nae, “Charge-based
compact modelling techniques for nanoscale multi-gate MOSFETS”,
Workshop on Compact Modelling, Nanotech Conference and Expo, May 3-
7, 2009, Houston, TX (USA)

A. Lazaro, A. Cerdeira, B. Nae, M. Estrada, B. Iniguez, “A high frequency
compact noise model for double-gate MOSFET devices”, 20" International
Conference on Noise and Fluctuations, Jun. 14-19, 2009, Pisa (Italy)

R. Ritzenthaler, F. Lime, B. Nae, O. Faynot, S. Cristoloveanu, B. Iniguez, “A
Short-Channel Analytical Model for Triple-Gate and Planar FDSOI
Transistors”, 7™ Workshop of the Thematic Network on Silicon on Insulator
Technology, Devices and Circuits (EUROSOI), Jan. 17-19, 2011, Granada
(Spain)

B. Nae, A. Lazaro, R. Ritzenthaler, B. Iniguez, “The Effect of Carrier
Heating on the Noise Spectral Densities for Double-Gate MOSFET
Devices”, 8" Spanish Conference on Electron Devices (CDE), Feb. 8-11,
2011, Palma de Mallorca (Spain)



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Table of Contents

List of Figures
List of Abbreviations
Chapter 1 - Introduction
1.1. Introduction
1.2. Silicon-on-Insulator Technology
1.3. Advantages of SOI over bulk
1.4. Multiple-Gate Devices
1.4.1. Introduction
1.4.2. Advantages of the multiple-gate structure
1.4.2.1. Subthreshold regime
1.4.2.2. Increased drain current
1.4.2.3. Volumeinversion
1.4.2.4. Speed superiority
1.5. Compact modeling
1.6. Purpose of thiswork
1.7. References
Chapter 2—RF and Noise Theory
2.1. Introduction

2.2. Small-Signal Modeling of SOl MOSFETs

10

13

13

14

16

18

20

21

22

25

27

32

32

33



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

2.2.1. Useful effect
2.2.2. Quasi-static model
2.2.3. Non-quasi-static model
2.2.4. The extrinsic model
2.2.4.1. Extrinsic capacitances
2.2.4.2. Extrinsic resistances and inductances
2.2.4.3. Extrinsic-Extrinsic Capacitances
2.2.4.4. Access parameters
2.3. Figures of merit for RF applications
2.4. Cut-off frequencies
2.5. Noise modeling
2.5.1. Noisein two-ports
2.5.2. Noise sources modeling
2.5.2.1. Flicker noise
2.5.2.2. Thermal noise

2.5.2.3. Shot noise due to the tunneling gate
current (TGC)

2.6. References

Chapter 3— Compact Modeling of Double-Gate Transistors
3.1. Introduction
3.2. Charge Control Mode

3.2.1. A Classical Charge Control Model

35

37

39

40

41

49

50

53

55

55

61

63

70

76

91

91

94

94



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

3.2.2. A Quantum Charge Control Model
3.3. Drain Current Model
3.4. RF and Noise Modeling
3.5. RF and Noise Smulations

3.6. Analytica Determination of Drain and Gate Noise
Spectrums

3.6.1. Charge and DC Current Models
3.6.2. Compact Expressions
3.6.3. Results and Discussion

3.7. Conclusions

3.8. References

Chapter 4 — Compact Modeling of Surrounding Gate Transistors

4.1. Introduction

4.2. Charge Control Model

4.3. Drain Current Model

4.4. RF and Noise Modeling

4.5. RF and Noise Simulations

4.6. Analytica Determination of Drain and Gate Noise
Spectrums

4.6.1. Charge and Drain Current Models
4.6.2. Compact Noise Expressions

4.6.3. Results and Discussion

98

105

111

118

125

125

129

137

154

157

161

161

162

169

173

177

183

183

185

192



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

4.7. Conclusions
4.8. References
Chapter 5— Compact Modeling of Triple-Gate Transistors
5.1. Introduction
5.2. Charge Control Model
5.3. Drain Current Model
5.4. Results and Discussion
5.5. Conclusions
5.6. References
Chapter 6 — Conclusions
Annex | —Numerical Noise M odeling
Annex |1 —Analytical Noise M odeling

Annex ||l —The Lambert Function

199

201

204

204

206

212

216

226

228

230

235

243

250



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Table of Figures

Chapter 1 - Introduction

Fig. 1.1. Moore's law — plot of Intel CPU transistor counts
against dates of introduction

Fig. 1.2. ITRS predictions for the next 15 years
Fig. 1.3. FD (a) and PD (b) structures
Fig. 1.4. Cross-section of abulk (a) and SOI (b) MOSFET

Fig. 1.5. Multiple Gate MOSFET devices. 1-DG; 2-Triple-gate;
3-quadruple-gate; 4-Pl-gate

Fig. 1.6. Schematic cross-section of a multi-fingered triple-gate
transistor

Chapter 2—RF and Noise Theory
Fig. 2.1. Modeling of the useful effect of a MOSFET
Fig. 2.2. Intrinsic quasi-static model of aMOSFET

Fig. 2.3. Non-quasi-static modeling of a MOSFET using several
guasi-static transistors connected together

Fig. 2.4. Intrinsic non-quasi-static model of a MOSFET

Fig. 2.5. Location of the extrinsic capacitances in the physical
structure of the MOSFET

Fig. 2.6. Intrinsic model of a MOSFET with extrinsic
capacitances

11

15

19

34

36

38

38

40

41



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 2.7. Distributed resistances along the fingers in the physical
structure of a MOSFET

Fig. 2.8. Equivalent circuit of aMOSFET including parasitic
extrinsic resistances and inductances

Fig. 2.9. Equivalent circuit of aMOSFET including all extrinsic
parasitic elements.

Fig. 2.10. Equivalent circuit for a FET transistor

Fig. 2.11. Physicd interpretation of the equivalent circuit of a
MOSFET transistor

Fig. 2.12. Equivaent circuit of aMOSFET transistor in the
active transmission line

Fig. 2.13. General equivaent circuit of an integrated MOSFET
embedded in aCPW line

Fig. 2.14. Simple small signal equivalent circuit of aMOSFET

Fig. 2.15. Different representations of noisy two-port networks:
admittance representation (@), impedance representation (b) and
chain representation ()

Fig. 2.16. An equivalent circuit to illustrate the noise sourcesin
a SOl MOSFET. ig, is, and ip are the noise contribution by the
terminal resistance at gate, source and drain, iq4 iS the noise
contribution of the channel, including the flicker noise portion,
and iq is the induced gate noise including the shot noise portion.
In general ig and iy are correlated.

Fig. 2.17. Contributions from the interfacial layer and the high-
Kk layer in the total Sid (A2/Hz) for deviceswith TIL=1.8nm.

Fig. 2.18. Normalized drain current noise spectral density

S, /1. of aW/L=10/0.05um DG N-MOSFET at Vps=10mV and
f=10Hz for different back-gate voltages. Solid line:

s, x(g,/1,)" for double-gate mode [Ghibaudo-2006].

42

43

45

47

48

50

57

62

68

69



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 2.19. Small-signal and noise equivalent circuit for a
channdl dice between x and x+4x. An equivalent noise source
in(X) has been introduced to model the channel noise.

Fig. 2.20. Small-signal and noise equivalent circuit for a
channd dice between x and x+4x. i,(X) models the channel
noise. The shot noise due to tunneling gate current for each slice
is modeled by the noise source ig(x).

Fig. 2.21. Equivalent gate and drain shot noise sources
Chapter 3— Compact Modeling of Double-Gate Transistors
Fig. 3.1. Double-Gate MOSFET structure

Fig. 3.2. Comparison of the inversion capacitance as afunction
of gate voltage between the classical and quantum models (ts=5
nm, Nx=10""cm’®).

Fig. 3.3. Comparison of the inversion capacitance as afunction
of gate voltage between the classical and quantum models
(ts=10 nm, NA=10"cm’®).

Fig. 3.4. Lowest subband eigenfunction (in 1/m’ units)
computed numerically as afunction of normalised depth for
Ves=-0.5V, Ves=0.5V and Ves=2V.

Fig. 3.5. Small-signal equivalent circuit using admittance noise
source configuration for an intrinsic MOSFET.

Fig. 3.6. A comparison of drain current for DG-MOSFET
(NA=6-10" cm®), L=50 nm, t4=5 nm, to=1.5 nm for classical
charge control ( -Drift-Diffusion model, « Hydrodynamic
Model) and quantum charge (-- Drift-Diffusion model, o-
Hydrodynamic Modd) for VgsVrv=0.5, 1, L.5and 2 V.

Fig. 3.7. Smulated cut-off frequency f; vs. gate length for DG-
MOSFET (N,=6-10" cm™®, W=10 pm, 10 fingers). Vp=1V,
Ves Vi=0.5V. Comparison between the classical and quantum
charge controls for the Drift-Diffusion and Hydrodynamic
models.

71

79

81

95

101

102

103

117

119

120



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 3.8. Smulated maximum frequency of oscillation versus
gate length for a DG-MOSFET (N,=6-10"" cm®, W=10 pm, 10
fingers). Vos=1V, VesVm=0.5V. A comparison between the
classical and quantum charge controls for the Drift-Diffusion
and Hydrodynamic models.

Fig. 3.9. Frequency behaviour of the Intrinsic Noise Parameters
including gate current effect for DG-MOSFET (Nx=6-10"" cm®,
L=12.5 nm, ty=5nm, 10 fingers, W=10 um, VgsV11=0.5V,
Vps=1V). A Comparison between the classical and quantum
charge controls for the Drift-Diffusion and Hydrodynamic
models.

Fig. 3.10. Frequency behaviour of the Intrinsic Noise
Parameters including gate current effect for DG MOSFET
(NA=6-10" cm®, L=12.5 nm, tg=5nm, 10 fingers, W=10 um,
VesV=1.0V, Vps=1V). A Comparison between the classical
and quantum charge controls for the Drift-Diffusion and
Hydrodynamic models.

Fig. 3.11. Frequency behaviour of the intrinsic and extrinsic
(with parasitics). Minimum Noise Figure for DG-MOSFET

(L=12.5 nm, tg=5nm, 10 fingers, W=10 um, VgsVm1=0.5V,
\/DS:]K/)

Fig. 3.12. Intrinsic Minimum Noise Figure for DG MOSFET
(tox=1.5nm, t4=0.4L , 10 fingers, W=10 um, VgsV7,=0.5V,
Vbs=1V, f=1GHz) as a function of the gate length including
TGC noise contribution and without TGC.

Fig. 3.13. Extrinsic Minimum Noise Figure for DG-MOSFET
(tx=1.5nm, t4=0.4L, 10 fingers, W=10 um, VesV11=0.5V,
Vbs=1V, f=1GHz) as a function of the gate length including
TGC noise contribution.

Fig. 3.14. (a) 3D representation of the DG structure; (b)
Simplified schematic view of the DG used in simulations

120

121

122

122

123

124

126



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 3.15. Comparison of current noise densities and imaginary
part of correlation coefficient as function of drain voltage
calculated with the segmentation method (e) and compact
model SDDG (—) for long channd case (L=1 pm, t,,=2 nm,
ts=34 nm, V=1V, f=1 GH2).

Fig. 3.16. Comparison of current noise densities and imaginary
part of correlation coefficient as function of gate voltage
calculated with the segmentation method (e) and compact
model SDDG (—) for long channd case (L=1 um, t,=2 nm,
ts=34 nm, Vps=2V, f=1 GH2).

Fig. 3.17. Drain and gate excess noise factors as function of
drain voltage for long channel case (L=1 um, tx=2 nm, ty=34
nm, Ves=1V).

Fig. 3.18. Drain current noise density as function of gate voltage
calculated using the segmentation method, the compact model
SDDG and the analytical model using conventional Klassen-
Prins approach (L=0.5 pum, t,,=2 nm, t4=34 nm, Vps=2V).

Fig. 3.19. Normalised corrected length L /L as function of gate
length (t,=2 Nm, ts=34 nm, Vps=2V).

Fig. 3.20. Drain excess noise factor y as function of drain
voltage (tx=2 nm, t=34 nm, Vgs=1V).

Fig. 3.21. Gate excess noise factor f as function of drain length
(tx=2 NM, t5=34 nm, Ves=1V).

Fig. 3.22. Imaginary part of correlation coefficient Im(C) as
function of drain voltage (tx=2 nm, t=34 nm, Vgs=1V).

Fig. 3.23. Normalized corrected length Lc/L as function of drain
voltage (tx=2 nm, t=34 nm, Vgs=1V).

Fig. 3.24. Drain excess noise factor y as function of gate voltage
(tx=2 Nm, t5=34 nm, Vps=2V).

139

140

141

142

142

143

144

145

145

146



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 3.25. Gate excess noise factor f as function of gate length
(tx=2 NM, t5=34 nm, Vps=2V). 147

Fig. 3.26. Imaginary part of correlation coefficient Im(C) as
function of gate voltage (t,x=2 nm, ts=34 nm, Vps=2V). 147

Fig. 3.27. Drain Excess Noise Factor as afunction of the drain
voltage (tx=2nm, Ves=1V, V71=0.3V) 148

Fig. 3.28. Gate Excess Noise Factor as afunction of the drain
voltage (tx=2nm, Ves=1V, V7,=0.3V) 149

Fig. 3.29. Theimaginary part of the correlation coefficient
Im(C) as afunction of the drain voltage (t,=2nm, Ves=1V,
V=0.3V) 149

Fig. 3.30. Drain Excess Noise Factor as afunction of the gate
voltage (tx=2nm, Vps=1V) 150

Fig. 3.31. Gate excess noise factor as a function of the gate
voltage (tox=2nm, VDS=1V) 151

Fig. 3.32. Theimaginary part of the correlation coefficient
Im(C) as afunction of gate voltage (t,=2nm, Vps=1V) 152

Fig. 3.33. Intrinsic minimum noise factor F,,(dB) as function
of drain voltage (t,=2 nm, t=34 nm, V=1V, =10 GH2z). 153

Fig. 3.34. Intrinsic minimum noise factor F;,(dB) as function
of gate voltage (t=2 nm, t=34 nm, Vps=2V, =10 GHz). 153

Chapter 4 — Compact Modeling of Surrounding Gate Transistors

Fig. 4.1. a) Cross section of the surrounding gate MOSFET; b)

Simulated surrounding gate MOSFET structure; ¢) a3D

schematic of a device with multiple fingers, each of them being

aSGT 164



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

Fig. 4.2. 8 Normalized channel charge (Q/2zR) of an SGT for
severa values of R, at room temperature (N, =10°cm™ and

t, =1.5nm); b) Normalized channel capacitance (C/2zR) of an
SGT for several values of R, at room temperature
(N, =10"cm” and t,, =1.5nm)

Fig. 4.3. Small-signal and noise equivalent circuit for a channel
slice between x and x+4x. An equivalent noise source in(X) has
been introduced to model the channel noise.

Fig. 4.4. Drain current characteristics for the temperature model
(a) and Drift-Diffusion model (b). Quantum charge control
(solid line) and Classical charge control (dashed line). Gate
length L=50 nm, Vs V1=0.5V, 0.75V, 1V, 1.25V

Fig. 4.5. Comparison between measured and simulated
normalized drain current versus diameter, using the temperature
model (solid line)

Fig. 4.6. Transition frequency fr and Maximum Oscillation
frequency fx as afunction of gate length, for temperature
model. Radius R=5 nm, VgsV11=0.5V, Vp=1V

Fig. 4.7. Transition frequency fr and Maximum Oscillation
frequency f.ax as afunction of gate length, for drift-diffusion
model. Radius R=5 nm, VgsV11=0.5V, Vp=1V

Fig. 4.8. Intrinsic (a) and extrinsic (b) Minimum Noise Figure
NFin(dB) as function of gate length. Radius R=5 nm, Vs
VTH=O.5V, V[)s:lv

Fig. 4.9. Intrinsic () and extrinsic (b) Minimum Noise Figure
NFin(dB) as function of frequency. Gate length L=50 nm,
Radius R=5 nm, VGS'VTH:O.5V, Vos=1V

Fig. 4.10. The drain excess noise factor » asfunction of drain
voltage (R=5nm, t,=3 nm and Vg5 V=0.5 V): (a) considering
T,=T., (b) including carrier heating

168

174

177

178

179

180

181

182

193



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 4.11. (a) Normalized corrected length L/L as function of

gate voltage (R=5nm, t,,=3nm, Vp<=1V). (b) Normalized

corrected length L/L asfunction of drain voltage (R=5nm,

tox=3nm and Vg V1=0.5V. 194

Fig. 4.12. The gate excess noise factor £ asafunction of drain

voltage (R=5nm, t,=3 nm and Vg5 V=0.5 V): (a) considering
T.=T., (b) including carrier heating 195

Fig. 4.13. Theimaginary part of the correlation coefficient
Im(C) as afunction of drain voltage (R=5nm, t,=3 nm and Vgs
V=05 V): (a) considering T,=T_, (b) including carrier heating 196

Fig. 4.14. The drain excess noise factor y asfunction of gate
voltage (R=5nm, t,=3 nm and Vps=1 V): (a) considering T,=T,,
(b) including carrier heating 196

Fig. 4.15. The gate excess noise factor S as afunction of gate
voltage (R=5nm, t,=3 nm and Vps=1 V): (a) considering T,=T,,
(b) including carrier heating 197

Fig. 4.16. The imaginary part of the correlation coefficient
Im(C) as afunction of gate voltage (R=5nm, t,=3 nm and Vps=1
V): (a) considering T,=Ty, (b) including carrier heating 197

Chapter 5— Compact Modeling of Triple-Gate Transistors
Fig. 5.1. The FnFET structure used in the smulations 207

Fig. 5.2. (@) A cross-section of the FinFET device used in the

simulations; (b) Charge associated to top and lateral gates and

total charge calculated with SILVACO ATLAS and with the

compact model W;,=10 nm, H;,=50 hm, t,=1.5 nm, t,,,=50 nm. 207

Fig. 5.3. Total charge sheet density numerically calculated

(V classic and o quantum) and the charge control model (solid-

line) for a FiNFET with (Ws,=10 nm, H;,=30 nm, t,,=1.5 nm,

thox=D50 NM). 211



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Fig. 5.4. Capacitance simulated (V classic and o quantum) and
calculated with charge control model (solid-line) for a FinFET
with (Ws,=10 nm, H;,=50 nm, t,x=1.5 nm, t,,,=50 nm). 212

Fig. 5.5. A comparison of drain current for FINFET (W;,=10

nm, Hg,=30 nm, tx=1.5 nm, t,,,=50 nm)), L=100 nm, for

classical charge contral (¢) and quantum charge (-) using (a)

Temperature model; (b) Drift-Diffusion model. The gate

voltages are Vs V11=0.5,0.75, 1 and 1.25 V. 217

Fig. 5.6. () Local equivalent circuit for a channel slide, and (b)
FinFET small signal equivalent circuit 219

Fig. 5.7. Smulated cut-off frequency f; versus gate length for

FinFET (Ws,=10 nm, Hg,=30 nm, to,=1.5 nm, t,x=50 nm, Vps=1

V, VesVmi=0.5V). A Comparison between the classical and

quantum charge controls for the Drift-Diffusion and temperature

or temperature models are shown. 220

Fig. 5.8. Simulated f,. versus gate length for FINFET (W;,=10

nm, Hg,=30 nm, t=1.5 nm, t,,,=50 nm, Vpsds=1V, Ve0s

V=0.5V). A Comparison between the classical and quantum

charge controls for the Drift-Diffusion and temperature or

temperature models are shown. 221

Fig. 5.9. Intrinsic noise model R, P, C for FinFET (W,=10 nm,

H;n=30 nm, t,,=1.5 nm, t,,=50 nm, 100 fingers, Vs Vry=0.5V,

Vbs=1V) . () Classical Drift-Diffusion, () classical Temperature

model, (0), Quantum Drift-Diffusion, (V') Quantum

temperature model. 223

Fig. 5.10. Extrinsic Noise Parameters as function of gate length
for FiNFET (Ws,=10 nm, Hg,=30 nm, t,,=1.5 nm, tpx=50 nm,
100 fingers, VGS'VTH:O-5V1 VDS::I.V) at 10 GHz. 224

Fig. 5.11. Frequency behaviour of the Extrinsic Noise

Parameters including gate current effect for FInFET (W;,=10

nm, Hg»=30 nm, t=1.5 nm, t,,,=50 nm, L=50 nm, 100 fingers,
VGS'VTH=O.5V, VD5:1V) 225



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Annex | —Numerical Noise Modeling

Fig. A1.1. Small-signal and noise model for a channel dlide (a)
SG SOl MOSFET (b) Symmetrica DG SOl MOSFET

Fig. A.1.2. Small-signal equivalent circuit using admittance
noise source configuration for intrinsic MOSFET

Fig. A1.3. Small-signal equivalent circuit using hybrid noise
source configuration for intrinsic MOSFET

Annex Il —Analytical Noise M odeling

Fig. A2.1. Noise calculation using an equivalent circuit
approach. (a) the basic method; (b) typical potential fluctuation
v(X) due to a current source between x' and X' +dx’ as function
of position x in the channel. v(x) between x and x+A4x causes a
fluctuation in gate current by the coupling through capacitance

Cy(X).

Annex 11l —The Lambert W Function
Fig. A3.1. Comparison between the numerical implementation
of the Lambert W function in Matlab and the approximation
given by Winitzki

Fig. A3.2. Relative error between the two expressions

235

239

239

244

252

252



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

List of Abbreviations

ALD Atomic layer deposition

CAD Computer aided design

CLM Channel length modulation
CMOS Complementary metal-oxide semiconductor
CPW Coplanar waveguide

DC Direct current

DELTA Depleted Lean channel TrAnsistor
DG Double-gate

DIBL Drain induced barrier lowering
FD Fully depleted

FET Field-Effect transistor

FinFET Fin-shaped field-effect transistor
GAA Gate-all-around

GCA Gradual -channel -approximation
GF Gain figure

HEMT High electron mobility transistor

HF High frecuency



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS

Bogdan-Mihai Nae
DL: T. 1456-2011

ITRS

LF

MAG
MESFET
MOSFET
MUGFET
NF
nMOS
PD
pMOS
R&D

RF

SDDG

SGOI

High resistivity

Integrated circuit

Interfacia layer

International Technology Roadmap for Semiconductors
Low frequency

Maximum available gain

Metal semiconductor field effect transistor

M etal -oxide semiconductor field-effect transistor
Multiple gate field-effect transistor

Noisefigure

n-channel metal-oxide-semiconductor

Partially depleted

p-channel metal-oxide-semiconductor

Research & development

Radio frequency

Short-channel effects

Symmetric doped double-gate

Single-gate

Silicon-germanium-on-insul ator
Surrounding-gate transi stor

Silicon-on-insul ator



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

sSOI Strained silicon-on-insul ator
TGC Tunneling gate current

ULG Unilateral gain

ULS Ultra-large-scal e-integration
uTB Ultra-thin body (transistor)
VLS Very-large-scale-integration

WKB Wentzel-Kramers—Brillouin theory



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T. 1456-2011

Chapter 1

| ntroduction

1.1 A Timeline of Semiconductor Devices

Brilliant inventors from of the 20th century have built on each other’s work to
launch a revolution in electronics. We must pay tribute to the predecessors of
Bardeen, Brattain and Shockley - the inventors of the transistor —, discoverers of
electrons, the vacuum tube, purified crystals and diodes. The transistor opened the
road for experimentation with new materials such as silicon and with a host of
manufacturing techniques, leading to electronic devices that have altered every

aspect of everyday life [ElecTime-2009].

In 1904, Sir John Ambrose Fleming, a professor of electrical engineering,

invents the thermionic valve, or diode, a two-electrode rectifier (a rectifier prevents
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the flow of current from reversing). Building on the work of Thomas Edison,
Fleming devises an “oscillation valve” — a filament and a small plate in a vacuum
bulb. He discovers that an electric current passing through the vacuum is always

unidirectional.

In 1907, Lee De Forest, an American inventor, files for a patent on a
triode, a three-electrode device he calls an Audion. He improves on Fleming’s
diode by inserting a gridlike wire between the two elements in the vacuum tube,
creating a sensitive receiver and amplifier of radio wave signals. The triode is used
to improve sound in long-distance phone service, radios, televisions, sound on film,

and eventually in modern applications such as computers and satellite transmitters.

In 1940, Russell Ohl, a researcher at Bell Labs, discovers that small
amounts of impurities in semiconductor crystals create photoelectric and other
potentially useful properties. When he shines a light on a silicon crystal with a
crack running through it, a voltmeter attached to the crystal registers a half-volt
jump. The crack, it turns out, is a natural P-N junction, with impurities on one side
that create an excess of negative electrons (N) and impurities on the other side that

create a deficit (P). The discovery heralds the coming of transistors.

In 1947, John Bardeen, Walter H. Brattain, and William B. Shockley of
Bell Labs discover the transistor. Brattain and Bardeen build the first point contact
transistor, made of two gold foil contacts sitting on a germanium crystal. When
electric current is applied to one contact, the germanium boosts the strength of the
current flowing through the other contact. Shockley improves on the idea by
building the junction transistor - "sandwiches" of N- and P-type germanium. A
weak voltage applied to the middle layer modifies a current traveling across the

entire "sandwich."



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

In 1954, Gordon Teal, a physical chemist formerly with Bell Labs, shows
colleagues at Texas Instruments that transistors can be made from pure silicon -
demonstrating the first truly consistent mass-produced transistor. By the late 1950s
silicon begins to replace germanium as the semiconductor material out of which

almost all modern transistors are made.

In 1958-1959, Jack Kilby, an electrical engineer at Texas Instruments and
Robert Noyce of Fairchild Semiconductor independently invent the integrated
circuit. In September 1958, Kilby builds an integrated circuit that includes multiple
components connected with gold wires on a tiny silicon chip, creating a "solid
circuit". In January 1959, Noyce develops his integrated circuit using the process
of planar technology, developed by a colleague, Jean Hoerni. Instead of connecting
individual circuits with gold wires, Noyce uses vapor-deposited metal connections,

a method that allows for miniaturization and mass production.

We arrive at 1962, when the metal oxide semiconductor field effect
transistor (MOSFET) is invented by engineers Steven Hofstein and Frederic
Heiman at RCA's research laboratory in Princeton, New Jersey. Although slower
than a bipolar junction transistor, a MOSFET is smaller and cheaper and uses less
power, allowing greater numbers of transistors to be crammed together before a
heat problem arises. Most microprocessors are made up of MOSFETSs, which are

also widely used in switching applications.
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1.2 Silicon-on-Insulator Technology

In 1965, Gordon Moore, one of the visionaries of the semiconductors field,
predicted that the number of components the industry would be able to place on a
computer chip would double every year. In 1975, he updated his prediction to once
every two years. It has become the guiding principle for the semiconductor
industry to deliver ever-more-powerful chips while decreasing the cost of
electronics, and over the years and for more than four decades, Moore’s “law” has
held true. Figure 1.1 shows the latest update of Moore’s law, which sees the

introduction of the world’s first processor with 2 billion transistors.

The extraordinary evolution of microelectronics has thus been made
possible by continuously shrinking the size of the transistors and overcoming the
challenges encountered at each transistor generation [Lederer-2006]. For a long
time, the silicon-based planar bulk CMQOS technology has been the choice of the
microprocessor manufacturers due to its low cost and excellent scalability. Figure
1.2 shows the evolution of the transistors gate length for the last decades, as well as
the predictions made by the International Technology Roadmap for

Semiconductors (ITRS) for the next 15 years.

According to the 2009 ITRS Roadmap [ITRS-2009], the downscaling of
the complementary metal-oxide-semiconductor (CMQS) has reached a point where
further scaling faces a significant challenge. The main issue arises from the high-
channel doping required to control short-channel effects (SCE), which significantly
degrades carrier mobility and reduces the drain current. It also increases bond-to-
bond tunneling across the junctions, leading to an increase of the parasitic leakage
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current. In addition, the statistical fluctuation of channel dopants causes variations

in the threshold voltage.
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Fig.1.1. Moore’s law — plot of Intel CPU transistor counts against dates of introduction
[Intel-2010]

As a consequence, the implementation of the new structures such as ultra-
thin body (UTB) fully depleted (FD) silicon-on-insulator (SOI) and multiple-gate
MOSFETs (MUGFETSs), which require lower doping levels, even though also
requires a special gate stack, appears to be the only viable alternative in silicon-

based technologies to replace planar bulk CMOS devices.
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However, the tremendous challenges faced by the implementation of FD
SOl devices (such as a precise control of the silicon film thickness, the reduction of
source and drain resistances to tolerable values, etc.) has driven some major
integrated circuits (IC) manufacturers - such as Intel [Kavalieros-2006] or IBM
[Kedzierski-2003] - to directly target the fabrication and production of multiple

gate transistors.
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Fig. 1.2. ITRS predictions for the next 15 years [ITRS-2009]

SOI therefore appears as a necessary option for future silicon-based

devices. The continuous and long term efforts that have been devoted to
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developing and producing SOI by many independent and private research groups
have grown SOI into a mature technology.

The use of SOI in the digital microprocessor world is now globally spread.
However, as SOI is especially suited for low power applications, the technology
has spread to the analog world, being a serious option for low-cost analog/RF
products, such as front-end receivers of mobile phones.

Within the SOI planar technology, two distinct families of devices are
classically considered, namely fully-depleted (FD) and partially-depleted (PD)
MOSFETSs (Fig. 1.3).

Buried oxide

quasi-neutral

Buried oxide

(@ (b)
Fig.1.3. FD (a) and PD (b) structures

In FD MOSFETS, the thickness of the silicon film is reduced in such a way
that the depletion region below the inversion channel extends down to the buried

oxide. In this case the entire Si film is depleted from free carriers. When the film is
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made th

leaving

icker the depletion region can stop at a certain depth within the silicon film,

an un-depleted region above the buried oxide called the body. For this

reason such devices are referred to as partially-depleted MOSFETSs. The floating

potentia

| of the body region in PD MOSFETSs is responsible for the floating body

effects, which affect the device’s electrical behavior.

The electrical characteristics of FD and PD MOSFETSs are distinct and

confer different advantages to both types of devices (see Table 1.1 for more

details):

FD MOSFETSs: they present nearly ideal subthreshold slopes, enabling the
reduction of the threshold voltage and power consumption. Junction
capacitances are the lowest and the FD technology is therefore particularly
suited for ultra low power analog applications [Vanmackelberg-2002;
Ichikawa-2004].

PD MOSFETSs: they present a reduced process complexity compared to
FD devices [Shahidi-2002]. They also present other advantages such as a
dynamic threshold voltage (Vr4) (which can boost the drain current and
reduces switching times [Cristoloveanu-2001]), an easier processing of
multiple Vy circuits, and the possibility of connecting the body (thereby
enabling to completely suppress floating body effects under DC conditions
[Shahidi-2002]). The characteristics of PD devices make them very

attracting for high speed, high performance digital applications.



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS

Bogdan-Mihai Nae

DL: T. 1456-2011
Type PD FD
o Doped channel o Often uses undoped or slightly doped
ili i channel
Structural e Top silicon 50 to 90 nm thick (or
. more, for “thick SOI” applications) o Top silicon 5 to 20 nm thick
Differences . - :
e Insulating BOX layer is typically 100 | e Insulating BOX layer may also be
to 200 nm thick ultra-thin — 5to 50 nm
e High performance microprocessors e High performance microprocessors
Tar get o Most others (embedded, analog, RF, o Low-power electronics
Applications | automotive, power, military, aero- o Ultra-low power
space, etc.)
o Well understood o | eakage and power consumption are
o Industrially proven drastically reduced
e Easy to fabricate o For undoped channels, random
Advantages L N
o Can leverage floating body for fluctuations in Vr are minimized
performance gain or memory  No floating body effect: easier to
applications control short-channel effects
o Physical limits to scalability are o New metrology needed for defect
approaching for high- performance detection in very thin layers
* V/; defined by gate work function and
Challenges ST y9
intrinsic body
o Very thin body can be challenging to
manufacture and implement
® 180 nm to 22 nm e 22nm and beyond for high
performance microprocessors and low
Nodes )
power electronics
o Ultra-low power now at 150nm

Table 1.1. Comparison between FD and PD MOSFETS
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1.3 Advantagesof SOI over bulk

At a device or circuit level, the advantages of SOI over bulk CMOS technologies

are well known [Cristoloveanu-2001; Colinge-2004; Flandre-2001], and can be

summarized as follows:

Substrate isolation: as the BOX insulates the source/drain extensions
from the substrate (Fig. 1.4b), junction capacitances and leakage current
are reduced. This yields increased speed and reduced power consumption
compared to the bulk technology. The isolation from the substrate also

provides immunity to latchup.

Reliability: SOI are insensitive to radiation effects, since electron-hole
pairs are generated in the thick silicon substrate instead of the thin active

film

Top material: since the smart-cut process can be adapted to transfer any
semiconductor material on top of the buried oxides, strained SOI (sSOI)

and SiGe-on-insulator (SGOI) wafers can be easily fabricated.

High-Resistivity (HR) substrates: the use of HR substrates is hardly
compatible with bulk CMOS when digital circuitry is required (due to
latchup issues [Huang-1982; Yamaguchi-1984]) unless patterned implants
of deep boron doses are used to locally reduce the substrate resistivity
[Benaissa-2003]. In SOI, low loss HR substrates can be easily fabricated

and boost the performance of Si-based radio-frequency (RF) circuits.
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Buried oxide

substrate

(b)

Fig. 1.4. Cross-section of a bulk (a) and SOI (b) MOSFET

e Increased layout density: unlike bulk, neither wells nor deep trenches are
needed to isolate the devices from one another, allowing flexibility for

more compact designs and offering a simplified technology.

e New device architectures:. the use of SOI substrates facilitates the
fabrication of SCE-free multiple gate devices at nanoscale dimensions,
which form the future of the CMOS Roadmap.

There are also some disadvantages in using SOI technology, such as:
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e Sdf-heating: due to the presence of the insulator which is not able to
conduct heat away from the device fast enough, the effect of self-heating
occurs. This can lead to a degradation of the current in the device at high

current dissipation.

e High cost of the wafer: the cost of the wafer is about 2-3 times the cost of
the bulk wafer, however after the completion of the process, the overall

increase in cost is only about 20-30%.

It is quite clear that the advantages of using SOI technology for CMOS
devices outweigh the disadvantages. For that reason, major companies, such as
IBM, AMD, Sony, Freescale and many others are already implementing SOI based

transistors in their products.

However, even within this SOI technology, devices are already reaching
limitations. The main drive to move from classical devices such as Single-Gate
(SG) MOSFETSs is due to the demanding microelectronics industry and particularly
the demand of the industry to shrink devices in the nanometer dimensions.
Nowadays, electronic devices are not only getting smaller, but they also need to be
multi-functional, with ever increasing demands and requirements. In order to meet
them, the core of these electronic devices must be the first to be reinvented and
redesigned [Ming-2007].

In the last decade, we have seen some remarkable technology at work,
from just a few devices on a single silicon wafer, to Very-Large-Scale-Integration
(VLSI) and in the last few years, this has moved to what is known as Ultra-Large-
Scale-Integration (ULSI), in keeping with Moore’s Law. This constant shrinking,
however, has its limits, and we have reached the point where materials and device

issues are starting to arise, opening the door for alternative device structures. The
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most promising SOI devices for the nanoscale range are based on multiple gate
structures, such as the double-gate (DG), the triple gate or fin-shaped field-effect
transistor (FINFET), and the surrounding gate (SGT) or gate-all-around (GAA). We

will describe in detail these novel devices in the next section.

1.4 Multiple-Gate Devices

1.4.1 Introduction

Multiple-gate transistors are devices with more than one gate operating
simultaneously on the channel of a MOSFET. The idea of the multiple-gate device
was first introduced in early 1980s. Sekigawa [Sekigawa-1984] exhibited his dual-
gate device which was named XMOS in 1984. However, the first fabricated device
was only made in 1989, where the DELTA (DEpleted Lean channel TrAnsistor)
device was introduced by Hisamoto [Hisamoto-1989]. In 1987, Balestra proposed
the GAA structure [Balestra-1987]. He simulated and experimented with the GAA
device on a SIMOX wafer and showed that there was a big improvement in the
subthreshold slope, current drive, transconductance. From these first devices, it was
shown that the multiple-gate architecture has some interesting characteristics. One
of the most important ones is the gate control over the electrostatic charges. This
increased charge control in the channel translates into improved short channel
effects. Another distinct characteristic of multiple-gate devices is the increased

current.
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Multiple-gate devices can also be grouped into various categories based on
the conduction characteristics. The planar DG structure exhibits conduction in the
planar horizontal direction. This means that the current flows parallel to the top
substrate surface and along the <100> crystalline plane. The FinFET and other
similar architectures also exhibits flow in the horizontal direction but it is different
compared to the DG devices because the current flows in the <110> crystalline
plane. However, for the triple-gate and the quadruple-gate devices, the current flow
is a combination of flow in both the <100> and <110> planes, but still in a
horizontal direction. Vertical MOS will have a conduction flow in the vertical

direction.

The definition of the various multiple-gate structures can be easily
mistaken if not defined properly based on their physical gate dimensions. The DG
architecture can be characterized into two different types, planar or non-planar. The
FinFET can be seen as a non-planar DG MOS if the two side gates are more
prominent in dimension compared to the top (third) gate. If all three gates of the
FinFET become more comparable in dimensions, this changes the structure into the
triple-gate MOS structure. A quadruple-gate or GAA device can also be seen as a
3-dimensional DG if the two side gates are so far apart that they become ineffective
compared to the two top and bottom gates. Figure 1.5 shows the various multiple-

gate structures described above, which are the focus of this current research work.

1.4.2 Advantages of the multiple-gate structure

The introduction of multiple-gate structures has various advantages. As pointed in

the last section, among these advantages is the improved electrostatic control of the
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charges in the channel, an increase in current gain and a reduction in the junction
capacitances. The existence of the second gate in the buried oxide increases the
control in the channel because it reduces the influence of the penetrating lateral
electric field which competes for the available depletion charges. This extra second
gate or multiple-gate also increases the number of conducting surfaces which in
turn increases the total current flow. An interesting characteristic of the multiple-
gate devices is the so called volume inversion phenomenon. This phenomenon has

Fig.1.5. Multiple Gate MOSFET devices: 1-DG; 2-Triple-gate; 3-quadruple-gate; 4-Pl-gate

many advantages in the functioning of the device. However, it is only limited to
certain operation conditions. The mobility in multiple-gate devices is increased
compared to the normal single-gate MOS transistor due to the reduced transverse
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electric field and during the operation in the volume inversion mode, as well as the
usual use of undoped materials. In the next paragraphs, some of the advantages are

presented in more detail.

1.4.2.1 Subthreshold regime

One of the main advantages of using multiple-gate devices is the highly improved
electrical characteristic in the subthreshold regime. This characteristic is further
enhanced when the multiple-gate architecture is combined with the use of a thin
silicon film. The threshold roll-off of FD SOI multiple-gate devices is much
improved compared to the SG MOSFET, which is related to the reduction of the
body effect. The body effect (y) is already lowered due to the use of a SOI wafer,
but in combination with extra gates, this body effect is decreased further. Equation
(1.1) shows the correlation between the body effect and the threshold voltage for a
FD device [Colinge-2004].

dv,, =yxdv, (1.1)

where Vg; is the back gate voltage and Vr is the threshold voltage.

The drain induced barrier lowering (DIBL) characteristic of a FD multiple-
gate transistor is much improved over a normal SG MOS transistor [Colinge-2002].
DIBL is the effect of the drain on the source barrier. This means that as the channel
length is reduced, the threshold voltage will be influenced by the drain voltage
leading to a drastic reduction as the drain voltage increases. This change is caused

by the increased control of the drain towards the charges in the channel as the gate
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length is reduced. The improved DIBL characteristic of FD multiple-gate MOS
devices comes from the increased control of the gate on the charges in the channel,
which allows for further downscaling of the device compared to the SG

technology.

The subthreshold slope (S is the inverse of the drain current to gate bias
derivative in the subthreshold regime. The behavior of the device in the
subthreshold regime is reflected by the subthreshold slope, as it shows the change
of the subthreshold current with respect to the change in gate voltage. In an ideal
transistor, the subthreshold current (drain current) is zero when the gate-to-source
bias is less than the threshold voltage. However, such an ideal behavior is never
obtained in practice. The idea value of the subthreshold slope is 60mV/dec at room
temperature. A sharp subthreshold slope is desired because, as mentioned, it

reflects on the subthreshold current with respect to the change in gate bias.

Equation (1.2) shows the relation between the subthreshold current (1., ) and the
gate-to-source bias (V) [Neaman-1997].
| bssub exp{v(;s x In(10)} x [1—exp(—ez%ﬂ (1.2)

where e is the electronic charge, k is Boltzmans constant and T the temperature.

Another figure of merit to measure or predict the short-channel effect for
devices is what is known as the natural (or characteristic) length, A. This
characteristic length determines how far the electric field lines will penetrate the
device and affect the depletion zone, and it depends on the gate oxide and silicon
thickness. This characteristic length was first introduced by R.-H. Yan et al. [Yan-
1992] as a guide for scaling the devices. It is desirable to have 4 as short as

possible. The A concept is used to estimate the silicon film thickness and width of
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the device in order to reduce as much as possible thee short-channel effects in the

device, as described by J.P. Colinge [Colinge-2003].

1.4.2.2 Increased drain current

One of the main advantages of the multiple-gate architecture is the increase of the
total current generated by in the device. The current in a multiple-gate SOI
MOSFET is proportional to the total gate width. The increase of the drain current
per channel is related to the increase in the number of gates. For example, the
current drive in a planar DG SOI MOSFET is twice that of a SG SOl MOSFET if

the width and gate length are the same. Thus, the drive current would simply be

IDSDGZZ'IE&G'

In order to increase the current density (I, /occupied die area), we will

have to expand the design of the devices. Among the factors that can increase the
current density would be to modify the architecture of the device, increasing the
number of devices on each die, introducing spacing between the fins creating
multi-fingered devices, etc. Figure 1.6 shows a schematic cross-section of a multi-

fingered triple-gate transistor.

The current in multi-fingered devices such as the FINFET and triple-gate
devices can be expressed in general as Eq. (1.3) [Colinge-2003]. The FinFET is

also known as a vertical DG device.

IDSZIDO'(Wﬂn"'ZHﬁn)'n (1-3)
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where |4 is the current of a unit-width, planar, SG device, W, is the width of each
individual fin, Hg, is the silicon film thickness and n is the number of fins. From
Eq. (1.3), for the FinFET, the drain current per device unit is reduced to:

le = IDO -2H fin (1.4)

due to the fact that the top gate would not be effective in generating current, thus it
can be omitted.

fin

. S
L

1310):¢

Si substrate
_'_

Fig. 1.6. Schematic cross-section of a multi-fin triple-gate transistor

For a triple-gate device, since the width of the device is equal to the

thickness of the silicon film, the current drive can be expressed as:
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s =1,,-3H

DS DO

fin (1.5)

One other great advantage of multiple-gate devices compared to SG is the
volume inversion regime, described in detail in the next section. When the
multiple-gate transistor is biased in weak inversion regime, we can benefit from the

volume inversion phenomenon, which further increases the drive current.

1.4.2.3Volumeinversion

The volume inversion is a phenomenon found only in multiple-gate architectures.
A device is said to be operating in volume inversion if there is a strong coupling
between two conducting channels [Balestra-1987]. This happens only in a certain
region of operation, usually around the threshold voltage for certain film thickness
and doping concentration in the channel. When a device operates in volume
inversion, the whole silicon film is inverted and there is an increase in the minority
carriers leading to an increase in current and a reduction of the scattering effects.
Because of this reduction in the scattering effects, there is an increase in the carrier
mobility, especially in the center of the silicon film (due to the increase in electron
concentration), which leads to an overall increase of the transconductance

characteristic of the device.

However, as mentioned before, in order to achieve this volume inversion
mode of operation, certain criteria have to be met. For example, if we have a thin
silicon film, but the doping of the film is too high, it does not necessarily mean that
a few hundred milivolts above threshold the volume inversion mode would be

achieved. This is because the Fermi level of such a device cannot be overcome due
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to the high doping. The same can be said if we have an intrinsic doping but the

silicon film is thicker than a certain value.

1.4.2.4 Speed superiority

Results have shown that the DG architecture exhibits excellent unloaded-circuit
speed superiority compared to the SG device (SOI or bulk) [Fossum-2002]. The
increase of the parasitic capacitances of the DG architecture compared to SG
devices does not seem to deteriorate the overall speed. The operation of the DG
architecture in lower supply voltage shows that it is a very promising candidate for
future nodes. The increase in overall speed of the DG device is attributed to the
much improved subthreshold slope and the on-state currents of more than a factor
of 2. It was also shown that at low gate voltage and in saturation region the gate
capacitance is relatively low [Fossum-2002]. This happens because in the DG
devices, at low Vgs, it does not need to support the dynamic charge as compared to
the SG device. The dynamic charge is related to the common speed metric, which
tends to overestimate the intrinsic delay of the DG MOSFET relative to the SG

counterpart at low Vgs.

It is clear that the multiple-gate architecture is one of the most promising
novel devices that will be able to move forward with the ITRS demands. The
multiple-gate architecture has been proven to have good electrical characteristics
even when the gate length is reduced to the nano regime, thus making it very
suitable for deep submicron devices. One of the reasons to the good electrical
characteristics of the multiple-gate architecture is the excellent control of the

charges in the channel. They have also been shown to reduce the short-channel
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effects even further compared to the technologically advanced SG devices, making
them very suitable for radio-frequency applications, one of the most important

markets for these devices.

1.5 Compact modeling

Compact models of devices are used in circuit simulators, in order to predict the
functionality of circuits [Moldovan-2009]. These multiple-gate devices will be
preferred in nanoscale circuits, thus calling for accurate and reliable compact
models, including new device specific effects. These compact models that
accurately describe the novel devices, and are computationally efficient are an
important prerequisite for successful circuit design. The currently available
compact models are facing enormous challenges in modeling the observed physical
phenomena in the sub-90-nm technologies [Saha-2006]. The demands for advanced
models, which can describe nanoscale silicon devices in analog and mixed-signal
applications and can account for the physical effects on small geometry devices,
have led to enormous research & development (R&D) efforts in the development

of advanced physics-based compact models.

For multiple-gate MOSFETSs the principles of modeling will change as
compared to the traditional SG MOSFET, firstly because they will have to
introduce the volume inversion effect, secondly, contrary to bulk MOSFETS,
depletion charges in multiple-gate devices are negligible because the silicon film is
undoped (or lightly doped). Thus, only the mobile charge term needs to be included
in Poisson’s equation. Therefore, the exact analytic solutions to 1D Poisson’s and
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current continuity equations based on the gradual-channel-approximation (GCA),
which assumes that the quasi Fermi potential stays constant along the direction
perpendicular to the channel) can be derived, without the charge-sheet
approximation. It is considered that the electrostatic control of the gates is good
enough to neglect SCEs associated to 2D effects. Most models presented so far are
for undoped devices with a long enough channel to assume that the transport is due
to the drift-diffusion transport mechanism [Iniguez-2006; Taur-2004; Ortiz-Conde-
2005; Jimenez-2004].

Using the above principles, some models for undoped DG [Taur-2004;
Xiong-2005; Ortiz-Conde-2005; Jimenez-2004] and SGT [Iniguez-2006; Jimenez-
2003] have been published, showing good agreement with three dimensional

numerical simulations.

A very promising modeling approach presented recently is based on the
solution of Laplace’s equation for the extended body (including the gate insulators)
of the short-channel nanoscale DG MOSFETs using conformal mapping
techniques [Kolberg-2006; Fjeldly-2006; Kolberg2-2006]. This technique was first
explored for the long-channel bulk MOSFETSs [Klos-1996] and later for sub-0.1-
um MOSFETS [Osthaug-2004], and finally for DG MOSFETS.

However, for devices with channel lengths shorter than 50nm, the transport
mechanism will probably not be drift-diffusion; ballistic or quasi-ballistic transport
may appear. We cannot define a continuous quasi- Fermi potential that varies from
the source to the drain and controls the mobile-charge distribution. What will
happen is that carriers injected from the source will depend on the Fermi potential
at the source, and carriers injected from the drain will depend on the Fermi

potential at the drain.
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For this, accurate models that will include the ballistic or quasi-ballistic
regime are needed [Toriumi-1988; Natori-1994; Ren-2000; Chang-2000; Ge-2001].
On the other hand, for films smaller than 10 nm, quantum confinement in the film
may not be negligible. Thus, accurate MOSFET models that include these new
physical behaviours are crucial to design and optimize advanced VLSI circuits for

nanoscale CMOS technology.

In addition to the high levels of integration for digital circuit design offered
by advanced CMOS processes, the high-frequency capabilities of the MOSFETS
have reached well into the gigahertz range [Shaeffer-1977], opening new
opportunities for RF circuit applications and creating new markets in the
microwave and millimeter wave region. These MOSFETs are also capable of
operating in the GHz regime because of their very high unit-gain frequencies of
tens of GHz. The use of low power, low noise devices for future electronic
applications is becoming more and more important. Especially, SOI devices are
excellent candidates to become an alternative to conventional bulk CMOS for RF
operation. High-resistivity SOI substrates have demonstrated a higher performance
over standard-resistivity SOl and bulk silicon with regard to crosstalk at
frequencies up to 10 GHz [Raskin-1997]. Also, SOI technologies are preferred for
RF applications due their lower losses in passive devices [Lederer-2004]. However,
when working at high frequencies, the noise generated within the device itself will
play an increasingly important role in the overall RF IC performance, for example
in the noise performance of a front-end receiver in a RF IC. Therefore, a physics-
based noise model which can accurately predict the noise characteristics of
multiple-gate MOSFETS is crucial for the low noise, RF IC design. Accurate noise
modeling is a prerequisite for the application of multiple-gate MOSFET
technologies to low noise RF design.
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1.6 Purpose of thiswork

The main purpose of this research is to study in detail the various novel transistor
architectures built on SOl MOSFET technology and their application to RF
operation. Numerical characterization methods are very time consuming, thus an
alternative is offered by compact models based on the physical characteristics of
the transistors, models that are successful in reproducing the behavior of real
devices and predict with certain accuracy the next performances of next generation

devices.

After the brief introduction in the world of semiconductors done in
Chapter 1, we dedicate Chapter 2 to presenting the most important aspects of
noise in transistors operating and RF. The noise parameters calculations is based on
the equivalent circuit method, which is presented in detail, from the DC equivalent
circuit theory to introducing the noise sources and finally solving the transistor

equations for RF.

Chapter 3 presents a compact model for DG MOSFETS, detailing the
charge control model, the DC equations and finally analyzing the device at RF. A
study of the drain and gate noise spectrums is carried on, and novel fully analytical
equations for these figures of merit are obtained. Results of the main figures of
merit for RF operation (cut-off frequency - fr -, maximum frequency of oscillation
- frax -, Minimum noise figure - F.;,) are presented, which are consistent with
numerical simulations, and provide a good insight into what the next technological

nodes will bring.
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Chapter 4 presents a compact model for SGT, based on the DG transistor
model presented before, and the same analysis that was done previously for DG is
carried out for SGT, proving the validity of these kinds of devices for future

downscaling.

Chapter 5 presents a compact model for FinFET, also based on the DG
transistor model, and it’s noise and RF analysis is carried out. The analysis proves

that FinFET devices are a possible replacement for planar MOSFET transistors.

Finally, some conclusions are drawn in Chapter 6, as well as some
recommendations for future developments of these models according to the next
ITRS steps.
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Chapter 2

RF and Noise Theory

2.1 Introduction

The evolution of CMOS technologies in the microwave domain has required the
development of specific characterization techniques. Methods have been developed
to determine a correct model of transistors, based on the measurements of their true

S-parameters. The models for high frequency transistors are basically of two kinds:

e Polynomial models: they are obtained easily from measurements. They

describe the behavior of the devices, as black boxes. They can be easily
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introduced in circuit simulators, but no information about the device

physics can be deduced from the model.

e Physical small signal equivalent circuits: these circuits are usually close
to the device physics. The circuit elements have a known origin, but they

are not easily extracted from the S-parameters.

The knowledge of the equivalent circuit is useful in developing circuit
design methodologies, or to determine which parameters have strong influences on
the performance of MOSFETS.

In the following sections, a general equivalent circuit of MOSFET
transistors is presented. It is created based in the device physics and its structure.
Also, one of the most important parameters in high frequency transistor operation,

namely the noise performance, is discussed.

2.2 Small-Signal M odeling of SOl MOSFETSs

One of the advantages of SOI transistors compared to bulk devices is that at
microwave frequency, the substrate does not influence significantly the behavior of
the transistor. Thanks to the thickness of the buried oxide, the body effect can be
neglected at high frequency [Gaffioul-2000]. There are no significant parasitic
effects related to the substrate occurring at microwave frequency. Thus, it is not
necessary to develop a four terminal model for the SOI transistor used at
microwave frequency. Over the next sections, a general equivalent circuit of SOI
MOSFETSs is presented, which takes into account its intrinsic behavior and physical

structure.
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2.2.1 Useful effect

The useful effect of a MOSFET is its ability to control its output current (1) when
a voltage is applied to the gate (Vg). This behavior can be easily modeled using a
voltage controlled current source connected between the device source and drain.
The gate voltage will be applied between the gate and the source. A preliminary
equivalent circuit, modeling the useful effect of the device, can then be drawn (Fig.
2.1). The transconductance (g) is qualified as an intrinsic element, because it is a
simple representation of the physical phenomenon that occurs inside of the

transistor channel. The transconductance is defined as:

Oy,
,="—""— (2.1)

gs Vg =0

where igs is the small variation of the drain current when a small variation of

potential (vg) is applied to the gate.

lds

Ds

Fig. 2.1. Modeling of the useful effect of a MOSFET
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Even if it denotes the useful effect of the MOSFET, the equivalent circuit

(Fig. 2.1) is not efficient enough to describe the behavior of the device if the

operating frequency is raised, as no parasitic elements are taken into account.

2.2.2 Quasi-static mode

Due to transistor physics, there are influences from each device terminals on the

others. These influences can be modeled by capacitances added in the equivalent

circuit (Fig. 2.2). As explained in [Tsividis-1987], all these capacitances added in

the equivalent circuit are bias depended and are related to variations of charges or

currents when a small signal is applied around equilibrium on a terminal. The

capacitances between the source, drain and gate are defined by:

C

gd

gs

__ %

6Vd
%N
aVs

V=V =0

Vg =Yy =0

Vg =V =0

(2.2)

(2.3)

(2.4)

These relations can be used only in quasi-static operation. The applied small signal

is varying sufficiently slowly so that the charges respond instantaneously to the

applied signal.
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o | o
Cos Qus Cas
Vgs T Omi x Vgs —_
O O

Fig. 2.2. Intrinsic quasi-static model of a MOSFET

However, MOSFETs being imperfect current sources, an output

conductance must be added in the model. It is defined by:

oi,
Uy = av_d (2.5)

ds V%:o

The capacitances are not linked to any physical capacitor-like structure.
They are representations of the influence of a voltage applied on a terminal on the
charges being at another terminal, with regards to the MOSFET physics, and are

called intrinsic capacitances.

These intrinsic capacitances may not be reciprocal. Considering an ideal
MOSFET in saturation, any variation of the drain voltage will not introduce any
variation of the output current and of the gate charges because of pinch-off. Hence
the drain to gate capacitance must be equal to zero. But if the gate voltage is
changed, a variation of the current will occur, inducing a variation of drain charges.
The gate to drain capacitance will then be higher than zero, and will be different

from the drain to gate capacitance.
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This non-reciprocal effect can be modeled by adding a parasitic element to

the transconductance, defining a new one. The new “effective” transconductance

(g,,) can be defined as:

0, =9, —jeC, =|g,|-€"" (2.6)

where

« 2.7)

m dg -

2.2.3 Non-quasi-static model

In the previous section, an equivalent circuit of MOSFETs has been presented,
considering that charges respond without delay to the applied signal. But when the
frequency becomes higher, the charges are not able to follow the signal
instantaneously. This phenomenon can be observed more easily for long devices.
According to Tsividis [Tsividis-1987], the upper frequency limit of the quasi-static
model is proportional the cut-off frequency (fr), which is approximately

proportional to 1/L? L being the channel length of the transistor (Fig. 2.3).

To model the non-quasi-static effects, the MOSFET channel can be
divided into several small transistors connected together, as presented in (Fig 2.3).
Then, quasi-static models are used for all sub-transistors. This solution is used
when the values of different intrinsic elements are obtained using formulae from
the physical model. If they must be extracted from measurements, this method

cannot be used, as the number of unknowns increases drastically.
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Inversion | | | |
charges

Source

b

Fig. 2.3. Non-quasi-static modeling of a MOSFET using several quasi-static transistors

connected together

Instead of dividing the MOSFET into several small transistors, the non-
quasi-static effects can be modeled by introducing new elements in the equivalent
circuit (Fig 2.4).

Cod Ryd
o } } o
Cgs — v
Omi x Vx e’ Jes Cos
Rgs
O O

Fig. 2.4. Intrinsic non-quasi-static model of a MOSFET
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These elements introduce a delay between the signal and its effects. There
are two kinds of elements: intrinsic resistances (Ry, Rys) that are in series with the
intrinsic capacitances, and a time delay () affecting the transconductance. The
command of the voltage controlled current source is still the potential “v” applied

to the intrinsic capacitance Cgs.

The Y-matrix of the new equivalent circuit of Fig. 2.4 is given by:

ja{ C, . Cu J i C,
1+ joR C . 1+ jowR C 1+ joR C
v - R:Ce RCo RCo 2.8)

. jor C
%W jp——o Oyt 0| Cyr——2——
i 1+ ]a)RgSCgS 1+ ja)Rgngd 1+ ja)Rgngd |
2.2.4 Theextrinsic modd

In the previous sections, equivalent circuits have been defined considering the
physical properties of the MOSFET channel. They are composed of several
intrinsic elements, which depend on the device dimensions and on the applied bias.
However, the physical structure of the MOSFET is more complex, and due to its
geometry, some parasitic elements are surrounding the active part of the device,

which are mainly bias independent.

In the following sections, these parasitic elements are described. They will
be defined from the closest to the intrinsic region to the furthest, filling the gap
between the intrinsic part of the device and the reference planes defined by the

calibration (the pads).
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2.2.4.1 Extrinsic capacitances

Several parasitic capacitances are located around the channel of the transistor, as
presented in Fig. 2.5. They are bias independent and proportional to the transistor

width. They are named extrinsic capacitances and noted with an index “€”.

The extrinsic gate-to-source (Cys) and gate-to-drain (Cyqe) Capacitances are
composed of two different elements. They include overlap capacitances, located
between the gate oxide and the diffusion of the source and the drain under the gate,

and fringing capacitances from the gate sides to the source and drain implants.

The capacitance Cys is different from the other extrinsic capacitances. It is
the expression of the coupling between source and drain through the silicon film,
the buried oxide and the substrate. The capacitance Cye IS the simplest high

frequency model of a complex capacitive network.

Gate

Source Drain

S P —
‘\H&b /

SO,

S Chm

Fig. 2.5. Location of the extrinsic capacitances in the physical structure of the MOSFET
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The extrinsic capacitances are added to the previous equivalent circuit. A new one

is obtained (Fig. 2.6). Its Y-matrix is given by:

Y, =Y +Y, (2.9)
where
— ja)(cgde + Cgse) o J wcgde (2 10)
° ~ja&Cy, jo(Cy+Cp) '
Cane
i
ng 1" Rgd
I
Ce|
Cgse T v 0 XVX g ot Jds Cds:: C,jsi L
= R
O

Fig. 2.6. Intrinsic model of a MOSFET with extrinsic capacitances

2.2.4.2 Extrinsic resistances and inductances

The intrinsic gate, source and drain are connected to the “outside world” by gate,
source and drain fingers. These fingers having a given resistivity, they are
distributed resistances (Fig 2.7.).
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These distributed elements are modeled using lumped resistances called R,

Rs and Ry, since the transistor is generally small compared to the wave length. They

are connected to the gate, source and drain respectively.

The resistances Ry and R; include the metallic losses and the contact
resistances between the metal and the source and drain implants. They are
proportional to the inverse of the transistor width. The resistance Ry includes the
resistance of the gate fingers, which is proportional to the transistor width, and the
resistance of some metallic lines. These lines connect the gate fingers together and
to the reference plane, in most of the cases, the resistance of the gate finger is much

higher than the others. It is usually considered as the only contribution to the

extrinsic gate resistance R,

Source

s

Gate

A

TI1T

Drain

Fig. 2.7. Distributed resistances along the fingers in the physical structure of a MOSFET
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Using the same approach, parasitic inductances can be defined; they are
called Lg, Ly and Ls. But nowadays, for sub-micron MOSFETS, these inductances

are usually a few pH and cannot be ignored at high frequency.

Fig. 2.8. Equivalent circuit of a MOSFET including parasitic extrinsic resistances and

inductances

The equivalent circuit including these extrinsic elements is presented in

Fig. 2.8. The Z-matrix of this circuit is defined by:

Z, =Z +Y " (2.11)

where

Z:

e

[R9+Rs+ja)(Lg+Ls) R+ joL, 212

R +jol, R+R+jo(L,+L,)
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2.2.4.3 Extrinsic-Extrinsic Capacitances

Since the dimensions of MOSFETS are shrinking, some parasitic couplings, which
were negligible for larger devices, cannot longer be neglected. Considering the
structure of modern MOSFETS, Gaffioul et al. [Gaffioul-2000] proposed to model
the coupling between metal lines outside the active zone by new capacitances.
These capacitances (Cgse, Cydeer Casee) are connected directly between the three
terminals of the previous equivalent circuit (Fig. 2.6). Since they are bias
independent and proportional to the transistor width, they are called “extrinsic-

extrinsic” and are denoted by the index “ee” (Fig. 2.9).

C%d&
I

Fig. 2.9. Equivalent circuit of a MOSFET including all extrinsic parasitic elements.

The Y-matrix of the new circuit is defined by:
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Y, =Z'+Y, (2.13)
where
v _ ja)(C.gdee+Cg$e) - jaCy, 210
= ~jaC jo(Cy +Cr)

The small signal modeling of a MOSFET transistor is based on the
determination of all the components that form the equivalent circuit, which
adequately adjust the S parameters of the measured transistor. This equivalent
circuit is divided into two parts: the extrinsic part (associated to the parasitic
elements assumed constant with respect to the applied voltage), and the intrinsic
part (related to the operation principle of a MOSFET, which depends on the
applied voltage). The most used circuit is the 7 equivalent circuit [Liechti-1976;
Ladbrooke-1989] (Fig. 2.10).

Ry Ly Cad Rgd L Ra

Cyse Omi XVX g lor Gds Cos| Cue|
p— &S l
Coee

Cgsee77

Fig. 2.10. Equivalent circuit for a FET transistor
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The components of this equivalent circuit are described in Table. 2.1.

| Cosee Extrinsic-Extrinsic Gate-Source capacitance
Extrinsic Components Cotee Extrinsic-Extrinsic Gate-Drain capacitance
Clsee Extrinsic-Extrinsic Drain-Source capacitance
Ly Gate inductance
Ly Drain inductance
L Source inductance

Gate resistance

Drain resistance

Ry

Ry

Rs Source Resistance

Cyse Extrinsic Gate-Source capacitance

Cade Extrinsic Gate-Drain capacitance
Cise Extrinsic Drain-Source capacitance
Ces Gate capacitance
Intrinsic Components Cua Gate-Drain capacitance
Cas Gate-Source capacitance
Rys Channel resistance
Rys Drain-Source resistance
Ryq Gate-Drain resistance
Omi Transconductance
T Delay time

Table 2.1. Basic components of the © equivalent circuit

Figure 2.11 presents the physical interpretation of the main components of
the equivalent circuit. Two types of components can be observed: the parasitic
components associated to the capacitances and inductances of the transmission
lines and pads, as well as the intrinsic components. Among the extrinsic elements
we can observe the access resistances associated to the ohmic losses between the
contacts and the conduction channel. The modulation effect of the electrons in the
channel is represented using a controlled current source. The gate capacitances Cys
and Cy represent the capacitances associated to the depletion zone present under
the gate. The resistance Ry represents the channel resistance. The drain-source

resistance models the conduction of the substrate. The delay z is associated to the
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electrons transit time in the channel. Occasionally, the capacitance Cy is included
in order to model the dipole generated at the end of the channel, and generally its
value is very small. The capacitance Cgys is basically parasitic.

Fig. 2.11. Physical interpretation of the equivalent circuit of a MOSFET transistor

The equivalent circuit is justified using different physical models. In
[Ladbrooke-1989] an equivalent circuit is obtained, which is a simplification of a
RC line in the lineal region of the channel and modeling the saturation region
through a controlled source. In [Roblin-1987] we find the expressions of the
components starting from the wave equation, resulted from a combination of the
charge control in HEMT transistors and the continuity equation, valid in the linear
region. In [Danneville-1994] the components of the equivalent circuit are obtained

from the analysis of a uniform active line.
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Alternatively, in [Yeager-1986; Portilla-1994] a new equivalent circuit is
presented (Fig. 2.12) for the intrinsic region, based on the concept of active
transmission line in order to model the channel [Lazaro-1994]. The circuit includes
two controlled sources to model the charge control in the two channel regions
(weak and strong inversion). The main disadvantage of this circuit is the high
number of components that make the parameter extraction more difficult [Lazaro-
2007]. The main difference between the classical equivalent circuit — valid in the
linear region and voltage saturation — and the new circuit is that the latter is valid in
all regions of operation.

By =€ /™ =12

Fig. 2.12. Equivalent circuit of a MOSFET transistor in the active transmission line

Noise temperatures are associated to the transconductances gy and g,

which are of the order of the electronic temperature in each channel section, and in
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principle, the noise sources can be considered uncorrelated and independent of the

frequency, simplifying the noise characterization of the FET.

2.2.4.4 Access parameters

The equivalent circuit would not be complete without defining the access
parameters, which add to the parasitic effects on the device. Depending on the
device size and the measurement method, the reference planes after the calibration
might not be located at the edge of the active zone. Thus metal interconnections
remain at the input and at the output of the transistor, which were not canceled by
the calibration. Also, when large devices are measured, the ground planes of the
coplanar waveguide (CPW) line around the transistor are cut. Several parasitic are

then introduced, and are independent of the transistor dimensions.

The parasitic effects of metallic interconnections are usually modeled by
inductances and capacitances. These elements are considered lossless because their
losses are negligible compared to those introduced by the extrinsic resistances in
SOI technologies. Since they are bias dependent and not directly proportional to
the device width, these elements are called “access” and are denoted by an index

“a”. Figure 2.13 presents the final circuit embedded in a CPW line.
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Fig. 2.13. General equivalent circuit of an integrated MOSFET embedded in a CPW line

2.3 Figures of merit for RF applications

Usually, the performances of RF transistors are evaluated using different

definitions of gain, ROLLETs factor, which is the condition of inherent stability,

and some characteristic parameters related to the equivalent noise sources of the

device.

The transducer gain (Gy) of a transistor is defined as the ratio between the

power delivered to the load and the available input power. The transducer gain is

equal to |S§l| and can be deduced directly from the measurement. This gain is not a

relevant figure of merit of a MOSFET transistor. Indeed, the reference impedance

of a measured S-parameters being usually 50Q, the transistor is far from conjugate

matching condition. Thus, the transducer gain is extremely low.
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The current gain, currently used at lower frequencies, is given by:
Yol
Hal =15 (2.15)
\A
. i i .
with Y, == and Y, =-% . It can also be expressed as a function of the
Vl v,=0 1lv,=0

scattering parameters:

H,| = | 2% | (2.16)
(1-5,)(1+5,)+ 8.8,

This current gain has some interesting properties as it is mainly
independent of the extrinsic resistance of the MOSFET. But, as for the transducer
gain, it imposes specific conditions at the transistor accesses (a short circuit at the
output). These conditions are not optimal to extract the maximum of power from

the device.
The voltage gain can also be defined (Y21/Y2,), but it is not often used.

A more interesting definition of gain would be the Gain figure defined by
Bodway in [Bodway-1967]. It is defined as the ratio between the forward (from

gate to drain) and reverse (from drain to gate) transducer gain and it is given by:

2
GF =—|SM|2 (2.17)

S|
This definition is invariant to changes in generator and load impedances. It
gives information on the ability of the device to provide power to a load. Indeed,
when the device is not able to provide power, it behaves as a passive, and
reciprocal, device. Thus, $x=S, and the GF is equal to 1. Unfortunately, this
definition of gain does not care about the stability of the device. The inherent

stability of transistors is evaluated by the ROLLET s factor, defined by:
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2

K = 1_|Su|2 _|822|2 +]A
2[8, S|

S

(2.18)

where A =8§,S,-S,S,-

If |A,| <1, and K>1 the device is unconditionally stable, which means that

whatever the passive load impedance at and access, the real part of the input

impedance at the other access will never be negative. If |AS|<1, and K<1, the

device is potentially unstable. That means that specific passive load impedances
can make the device unstable. It is then useful to determine approximately these

impedances, and to avoid using them, in order to ensure stability.

Now that the stability factor has been defined, the maximum available gain
for a stable device (MAG) can be defined:

2

S (K— K2—1) (2.19)

MAG =

2

This relation is very similar to the gain figure defined before, but with the
introduction of a correcting factor, related to the stability of the device. When the

device is conditionally unstable, this gain does not exist, because K<1.

Another definition has been proposed by Mason [Mason-1954]. The
unilateral gain (ULG) is the maximal available gain of a device when the stability
is ensured by using a lossless feedback network to cancel the reverse transmission
of the device (S,=0). This gain is defined by:
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1ls, 4

S,

S,

ULG =

Sy
S,

K

2.4 Cut-off frequencies

(2.20)

Based on the different gains, it is possible to define several cut-off frequencies, as

the frequency for which a gain becomes equal to unity, or 0 dB. The most used

ones are:

fr: It is defined as cut-off frequency of the current gain Hx. It can be

approximated for a MOSFET, considering the equivalent circuit from Fig.

2.14, by the following relation:

~ gm
27Z'ng

T

(2.21)

where Cy is the total gate capacitance of a MOSFET (Cyy=Cgyst Cy). It is

an important coefficient to compare different technologies and devices.

f.: When the equivalent circuit of a MOSFET is known, another cut-off

frequency is sometimes used to describe the intrinsic performances of

MOSFETSs.

(2.22)
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fcis equal to the classical cut-off frequency (fr) when the capacitance Cyq is
small compared to Cg. It is not the case for deep sub-micron MOSFET
[Dambrinne-2003].

It is the highest frequency where the device is able to provide power when
it is in a stable state. As for f, it is possible to develop a simplified
expression of f.c based on the equivalent circuit of Fig. 2.14. Sze [Sze-

1981] provides the following relation:

fT
2\/27szRgng +9,(R +R+R,)

frax 1S sensitive to the width of the gate, and to all the parasitic which

f (2.23)

surround the transistor.

gmi Ods Cds: L
. l

Fig. 2.14. Simple small signal equivalent circuit of a MOSFET
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The frequencies fr and f.. are directly extracted from S-parameter
measurements as the cut-off frequencies of Hy and MAG respectively. For
transistors having a cut-off frequency higher than the measurements frequency
band, fr and f can be evaluated by (2.21) and (2.23).

2.5Noise Modeling

2.5.1 Noise in two-ports

The noise is an unwanted fluctuation that, when added to a signal, reduces its
information content. In a communication system, noise can be classified into two
broad categories, depending on its source. Noise generated by components within a
communication system, such as resistors, solid-state active devices etc. is referred
to as internal noise (or electronic noise). The second category, the external noise,
results from sources outside a communication system, including atmospheric, man-
made and extraterrestrial sources [Chen-1997]. The focus of this research is the
electronic noise, which defines the performances of the MOSFET devices under

scrutiny.

The electronic noise in a communication system defines the lowest limit of
a signal that can be detected. Below this limit, the signal would be “drowned” by
the background noise. Therefore, the electronic noise directly affects the accuracy
of measurements and the minimum power of a signal that can be used in a circuit to

transmit information.
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When working at high frequencies, the effect of the noise generated within
the device itself plays an increasingly important role in the overall system
sensitivity characteristics, dynamic range and signal-to-noise ratio. Due to the
rather long turnaround time and expensive cost of actual fabrication of analog
circuits, noise simulation of an analog circuit using Computer Aided Design (CAD)
tools is a realistic alternative to determine whether the overall noise performance of
a circuit would be good enough to allow that circuit to function properly. In order
to perform accurate noise simulations, an appropriate physically-based noise model
that can predict accurately the noise performance of MOSFET transistors over a
wide range of operating conditions of frequencies, currents and device geometries
is needed. To this end, this research presents a noise model that includes all the
high-frequency noise sources and their correlations and applies this model on

several Multiple-Gates MOSFET transistors architectures.

The circuit theory of linear noisy networks shows that any noisy two-port
can be replaced by a noise equivalent circuit which consists of the original two-port
(now assumed to be noiseless) and two additional noise sources [Hillbrand-1976;
Dobrowolski-1991] (Fig. 2.15). In general, six different representations or forms of
noise equivalent circuits exists depending upon the type of the additional noise
source and their arrangement relative to the noise-less two-port. The most used
representations are the admittance, impedance and chain representations. The
admittance representation uses two current noise sources iy, i,. The impedance is
the dual case and it uses two voltage noise sources, u; and u,. Finally, the chain
representation uses a input series voltage source u and a parallel current source, i
(Fig. 2.15).

A physically significant description of these sources is given by the self-

and cross-power spectral densities which are defined as the Fourier transform of



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

Noise-Free D
' CD Two-Port <) ’ @
u, . 1

: Noise-Free
(b)

Two-Port
D_O Noise-Free ©
i c

<> Two-Port

Fig. 2.15. Different representations of noisy two-port networks: admittance representation

(a), impedance representation (b) and chain representation (c)

their autocorrelation and cross correlation functions. Arranging these spectral
densities in matrix form leads to the so-called correlation matrices. For two noise
source s; and s,, the correlation matrix C belonging to the noise source s; and S

can be written as:

cAr.v 2 =
s||s s SS
C= : == — (2.24)
SZ SZ stl SZ
where 1 denotes the transpose conjugate operator. It is easy to transform the noise

correlation matrix given by a representation to other noise source representation
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using the concept of transformation matrix. If two noise source s, and s, are

linearly transformed to other noise sources s;’, and s,’,

HRN

then the associated correlation matrix is given by:

C=T-Cc-T' (2.26)

A set of transformation matrices covering all possible transformations between the

impedance, admittance, and chain representations is given in Table 2.2.

Original representation

Resulting Admittance Impedance Chain
representation
10 Y Y =Y 1
Admittance S ;
01 Y21 Yzz _Y21 0
{211 le:| {1 0} |:1 _211:|
Impedance
Z21 Zzz 01 0 _221
0 1 - 1 0
Chain A A
1 Azz 0 _A21 0 1

Table 2.2. Transformation matrix between correlation matrix representations
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The interconnection of noisy two-ports is also formulated by means of
operations with correlation matrices. The resulting correlation matrices for series,

shunt or cascade interconnections are given by:

C,=C, +C, (series) (2.27)
C, = CYl + CYZ (shunt) (2.28)
C,=C,+A-C,-A (cascade) (2.29)

where the subscripts 1 and 2 refer to the two-ports to be connected.

An important case is the passive two-port with thermal noise. In this case,
the admittance and impedance correlation matrices could be obtained from

admittance and impedance matrices and the physical temperature T.

C, = 4KTRe(2) (2.30)
C, = 4kT Re(Y) (2.31)

where k is the Boltzmann constant (k=1.38-10" J/K).

However, RF designers use the noise figure to characterize noisy circuits.
The noise factor is a figure of merit for the performance of a device or a circuit

with respect to noise. The noise factor of a two-port is defined as:

e N, (SIN),
N (S/N)

0,ideal

(2.32)

output | _,

where N, is the actual noise power at the output of the two-port and Ngjgeq IS the
expected noise power at the output of the ideal (noiseless) two-port at reference
temperature (T=T,=290K). The noise factor could also be interpreted as a

degradation of the signal to noise ratio (S'N) at To. The noise figure is the noise
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factor expressed in decibels (NF=10log F). One more related figure of merit is the

equivalent noise temperature, often used by antenna designers:

T.=T,(F-1) (2.33)

The total noise power at the output is highly dependent on the source
impedance of the two-port. A unique optimum source impedance (Zy) exists, that
leads to the best noise performance. The noise factor measured with the source set
to Zyy is called Fyin (or NFy, when converted to decibels). Zy is frequently
converted to the optimum noise reflection coefficient, called Iy A third noise
parameter called equivalent noise resistance, R,, is the sensitivity factor; it shows
how fast NF increases as the source termination changes from /. At a specific set
of operating conditions, the three noise parameters (Frin, /op, and R;) can fully
characterize the noise performance of a given two-port. Changing the temperature,
frequency, and the dc bias conditions of the active device also change the noise

parameters. The noise figure of a two-port network is given by:

2

r.-r

opt
i)

where Zj is the reference impedance (often Zi=50Q) and 7 is the source reflection

F (r;) = FEm +-4F%

(2.34)
Zo |1+—Fom

coefficient.

Having the noise chain correlation matrix C,, one can easily compute the

noise parameters [Hillbrand-1976]:

C..+C, Y.
Fmin 1+ A21 ALL “opt (2.35)
2KT, Af
C
R =—725— (2.36)

KT Af
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2
Yopt — CAZZ _(lm(CAzljj _ J |m(CA21] (2.37)
CAll CAll CAll
where Af'is the frequency bandwidth centered on frequency f.

The optimum reflection coefficient Iy is not a function of the small-signal
S-parameters. For optimum noise performance, the source reflection coefficient is
not matched to the input - it is transformed to /. Since the input port is not
conjugate-matched, in low-noise amplifiers we do not get the maximum gain of the
two-port. Reactively matching or mismatching the output port does not have any
effect on the signal-to-noise ratio and noise figure. Output matching, of course,
provides more gain, which helps to reduce the noise contribution of the next stage.
In multistage low-noise amplifiers, the goal is to minimize the overall noise
performance. Ideally, all stages should see their optimum noise sources at their
inputs, but that may not lead to minimum overall noise. Constant noise figure
circles and available power gain circles are often used in low noise amplifier
design [Gonzales-1984]. Circuit optimization is very helpful here to target

minimum noise, flat gain response, and good output match simultaneously.
2.5.2 Noise sour ces modeling

Figure 2.16 shows the small signal equivalent circuit for a FET. Several noise
sources must be considered. The first one is the thermal noise due to parasitic
access resistances Ry, Rs and Ry. The other noise sources arise from intrinsic
transistor. The intrinsic contribution is modeled using two correlated current noise

sources, ig, and ig (admittance representation [Hillbrand-1976;Dobrowolski-1991]).
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They include the effect of the diffusion noise and flicker noise in the channel,
induced gate noise and shot noise. In principle, the flicker noise [Celik-Butler-
2006; Min-2004; Simoen-2004; Morshed-2008; Ghibaudo-2006] is a low-
frequency noise and it mainly affects the low frequency performance of the device,
so it can be ignored at very high frequency. However, the contribution of flicker
noise should be considered in designing some RF circuits such as mixers,

oscillators, or frequency dividers.

G| m | O

i € i

Fig. 2.16. An equivalent circuit to illustrate the noise sources in a SOl MOSFET. ig, is, and
ip are the noise contribution by the terminal resistance at gate, source and drain, iq4 is the
noise contribution of the channel, including the flicker noise portion, and ig is the induced

gate noise including the shot noise portion. In general igand iq are correlated.
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The channel resistance and all terminal resistances contribute to the
thermal noise at high frequency (HF), but typically channel resistance dominates in
the contributions of the thermal noise from the resistances in the device. Induced
gate noise is generated by the capacitive coupling of local noise sources within the
channel to the gate, and usually it plays a more important role as the operation
frequency goes much higher than the frequency at which channel thermal noise
dominates. With the decrease of the oxide thickness due to gate downscaling, the
DC tunneling Gate Current (TGC) flowing through the oxide in the gate is
increasing. This gate current produces an increase of noise due to the shot noise

current.

2.5.2.1 Flicker noise

Noise at low frequencies in a MOSFET is dominated by flicker noise.
Measurements generally show a spectral density of the input (gate) referred voltage
noise, which is roughly inversely proportional to frequency. Therefore, flicker
noise is also called 1/f noise. Much effort has been made in understanding the
physical origin of flicker noise. However, the physical mechanism is still not very

clear so far.

The exact mechanism is still under discussion; however, basically, there
are two different theories to explain the physical origins of the flicker noise. In the
carrier number fluctuation theory [Jindal-1978], originally proposed by Mc-
Whorter [McWhorter-1957], the flicker noise is due to the random trapping and
detrapping processes of charge in the oxide traps near the Si-SiO, interface. The

charge fluctuation results in fluctuations of the surface potential, which modulates
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the channel carrier density. For a uniform oxide trap distribution in the energy gap,
the theory predicts an input referred noise density independent of the gate bias
voltage and inversely proportional to the square of the gate capacitance, Co. The
mobility fluctuation theory [Jindal-1978; Hooge-1969], considers the flicker noise
as a result of the fluctuation in bulk mobility based on Hooge’s empirical relation
for the spectral density of flicker noise in a homogeneous sample. In the Hooge
model [Hooge-1969], the drain current noise results from the fluctuations of the
carrier mobility through variations in the scattering cross-section entering the
collision probability likely due to phonon number fluctuations [Jindal-1981]. This
leads to a flicker noise with amplitude inversely proportional to the total number of
carriers in the device. This theory predicts an input referred noise voltage
increasing with gate bias voltage and inversely proportional to the gate capacitance.
Recently, a new model was presented, namely the Correlated carrier and mobility
fluctuation model [Hung-1990; Hung2-1990]. It is a unified model proposed by
Hung et al. [Hung-1990], with a functional form resembling the number fluctuation
model at low bias and the mobility fluctuation model at high bias. The Unified
Model shows a better agreement with the experimental data for both the n and p
type devices over a considerable temperature range and thus it has become the

most successful theory adopted for low frequency noise modeling and analysis.

According to Ghibaudo et al. [Ghibaudo-1991; Ghibaudo-2002], if the low

frequency noise mechanism is correlated number and mobility fluctuations, S,/ 12

shows a dependence on (gm I, )2 following the relation:

2 2
C
gy PaColo | [Gn | _Ke (2.38)
|2 g, l, ) WLCZ {7
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where f is the frequency, y is the characteristic exponent close to 1 [Ziel-1979], gn
is the transconductance (for convenience, and to be in accord with the accepted
notation in the literature, we will use gy, instead of g,; from this point on), u. is the
effective mobility, « is the Coulomb scattering coefficient (~10* Vs/C for electrons
and 10° Vs/C for holes), Wis the device width, and L is the device length.

The spectral density of the oxide interface charge depends in essence on
the physical trapping mechanisms into the oxide. For a tunneling process, the
trapping probability decreases exponentially with oxide depth, such that the

constant Kg is given by:

K. =g°KTAN, (2.39)
where N, is the volumetric oxide trap density (eV/m®), 1 is the tunnel attenuation

distance (about 0.1 nm) given by WKB theory as:

h
A=—/— 2.40
47[«/2”’]*(138 ( )

where h is Planck’s constant, m* the electron effective mass in the dielectric and
@g(V) the barrier height [Christensson-1968].

For a thermally activated trapping process [Surya-1988], the trapping
probability decreases exponentially with the cross-section activation energy E,,

such that the constant K is given by:

K, =——& (2.41)

where AE, is the amplitude of the activation energy dispersion and N; is the oxide

trap surface state density (eV/m?).
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Whereas, if the dominant mechanism is Hooge’s bulk mobility fluctuations model

[Jindal-1981], S,/ 12 shows a dependence on | ' following the relation:

s e, < g1y > (2.42)
|2 L%l f

D D

where ay is the Hooge parameter £10 “~10°) and <ues> is the average mobility

along the channel.

For low drain voltages, the gate-leakage current is not negligible and is
larger than the measured drain current [Morshed-2008]. The low frequency noise
parameters have been extracted after correcting the drain current for the gate-

leakage current with the simple following expression:

|, =1, +ayly =l —agl, (2.43)

where Ipo is the intrinsic drain current, |p the measured drain current, lg the
measured source current, Ig the gate leakage current, ap the gate-partitioning
coefficient at the drain side, and as the gate-partitioning coefficient at the source
side. The ap coefficient is evaluated at Vps=0 in strong inversion regime and is
equal to 25%.

Measurements of devices from many different CMOS processes with oxide
thickness between 10 and 80 nm suggest that nMOS transistors behave as predicted
by the number fluctuation model [Vandamme-1994; Vandamme-2000]. However,
noise measurements of newer deep submicron transistors present a much less
consistent picture. For instance, NMOS transistors also may show bias dependence,
while pMOS transistors may have a noise corner frequency comparable to nMOS
transistors. Also, the experimental results show a 1/f " spectrum and n is not always

1 but in the range of 0.7 to 1.2. Some experimental results even show that n
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decreases with increasing gate bias in p-channel MOSFETs. Modified charge
density fluctuation theories have been proposed to explain these experimental
results. The spatial distribution of the active traps in the oxide is assumed to be
nonuniform to explain the technology and the gate-bias dependence of n [Hung-
1986].

ITRS requirements dictate smaller device dimensions with ever-thinning
gate oxide, which in turn leads to high gate leakage current in ultra thin MOSFET
devices. In order to minimize this high leakage current, the semiconductor industry
is going through an extensive search to investigate the feasibility of using high-
dielectric constant (high-x) compounds as the gate dielectric material [Wilk-2001].
However, introduction of these materials in place of conventional SiO, affects
some of the fundamental device parameters, of which the carrier mobility
degradation [Wilk-2001] and the low frequency noise behavior are of particular
interest [Celik-Butler-2006; Min-2004; Simoen-2004]. Although the Unified Model
is the most successful low frequency noise model for the native-oxide MOSFETS,
the extracted parameter values using this model show noticeable discrepancies
when applied to devices using stacked high-x materials as the gate dielectric. A
significant dependence on the interfacial layer thickness (IL) was observed in the
extracted trap density values by different research groups, although IL thickness is
not a model parameter in the original Unified Modd [Hung2-1990; Ghibaudo-
1991]. Growth process of SiO, has matured over decades, resulting in low carrier
trap densities and consequently low noise. Unlike SiO,, high-x material processing
is still in research stage, with atomic layer deposition (ALD) being the most
promising process technology [Quevedo-Lopez-2005]. The estimated dielectric
trap density by different research groups is believed to represent an average value,
as they appear to be dependent on the IL thickness as well as the process
technology. Moreover, discrepancies in the reported average trap density values

have been noted, even for the same high-x material [Celik-Butler-2006]. This
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disagreement in trap density extracted using the original Unified Model, may be
attributed to the fact that the original model accounts for only the noise
contribution from a single dielectric layer but not from the high-x layer, as this
layer is absent in the conventional native-oxide devices. Figure 2.17 shows
contributions from the interfacial layer and the high-x layer in the total drain

spectral noise density [Morshed-2008].

107 T T ———T—T—TTTTT
o B EOT=1.66nm
10° T
h ‘{-'-‘:'-"\-‘ 1I
A7 R ]
= F - TR 1
Nf 1078 ____Sld Total \\"-\‘_11&&%% 3
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D 400 Id IL \"n,,\ _I
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10'21 1 1
1 10 100 1000

Frequency (Hz)

Fig. 2.17. Contributions from the interfacial layer and the high-x layer in the total Sy4
(A2/Hz) for devices with TIL=1.8nm [Morshed-2008].

For typical IL trap density (~10™ cm®eV™?), the noise contribution from IL
falls more than 2 orders of magnitude below the total noise in the 1-100 Hz
frequency range. Traps further away from the semiconductor interface contribute
noise to the lower end of the frequency spectrum, while traps at the interface are
fast-states and contribute fluctuations to the higher frequencies. Consequently, as

the IL gets thicker, the noise contribution from the high-x layer increasingly shifts
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to the lower frequency range and at the same time higher frequency components
get weaker since the noise contribution from the IL is relatively low. In [Ghibaudo-

2006], the low frequency noise in both SOI and bulk devices has been investigated.
Figure 2.18 shows the normalized drain current noise spectral density S, /12 of a

W/L=10/0.05um DG N-MOSFET at Vp=10mV and f=10Hz for different back-gate
voltages. In PD, FD and Double-gate SOl MOSFETs the noise source was
attributed to carrier number fluctuations, while in advanced bulk CMOS
technologies the LF noise stems from carrier and correlated mobility fluctuations
[Ghibaudo-2006]. No degradation of gate oxide quality as measured by oxide

density of traps N; was observed despite the ultra thin dielectric used.
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Fig. 2.18. Normalized drain current noise spectral density S, / I; of a W/L=10/0.05um DG
N-MOSFET at Vps=10mV and f=10Hz for different back-gate voltages. Solid line:

S ><(gm Iy )2 for double-gate mode [Ghibaudo-2006].
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2.5.2.2 Thermal noise

At high frequency, the MOS transistor noise is mainly dominated by thermal noise
(also called Johnson noise or Nyquist Noise) coming from the channel [Ziel-1986].
The term thermal is due to the origin of this noise, which can be traced to the
random thermal motion of carriers in the channel. Accurate noise modeling is a
prerequisite for the application of advanced CMOS technologies to low noise RF

design.

Let us consider a nonuniform channel as Fig. 2.19. In the segmentation
method or active transmission line analysis, the channel is divided in channel
sections or slices. The small-signal and noise source for each channel section can
be derived from semiconductor equations. This method was used for noise
modeling in other devices such as MESFETs [Cappy-1989], HEMTs [Shaeffer-
1977; Lazaro-2003], MOSFET and SG SOI [Lazaro-2006; Pailloncy-2004], DG
MOSFETS [Lazaro-2006; Lazaro2-2006], GAA [Iniguez-2006; Lazaro-2008] and
FinFETSs [Lazaro2-2008]. The application of this analysis method will be used to
describe small-signal and noise equivalent circuit. Although this analysis could be
done wusing standard circuit analysis techniques implemented in standard
microwave circuit simulators, it could be time consuming due the large number of
circuit elements to be analyzed. However, compact explicit expressions for the
spectral noise densities are preferred for implementation in commercial circuit

simulators.
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Fig. 2.19. Small-signal and noise equivalent circuit for a channel slice between x and x+Ax.

An equivalent noise source i,(X) has been introduced to model the channel noise.

For the compact modeling of noise, three methods are usually applied: 1)
an equivalent circuit approach, 2) the impedance field method, or 3) the Langevin
or Klaasen-Prins method. These three methods have been proven to be equivalent
by Roy et al. [Roy-2006], and the same final expression for the spectral densisties
and correlation matrix elements were obtained. This research is based on the

equivalent circuit approach, which is presented in detail in Annex I1.

The local equivalent circuit (Fig. 2.19) is composed of the channel
capacitance, the transconductance, and the channel resistance (or conductance).
Diffusion noise and gate shot noise can be incorporated to the model. The local
equivalent circuit elements could be obtained from linearization of the current at

any channel position x and the current continuity equation:

dvj'dv (240

I(X)=9g|V,— |- —
9 g( dx ) dx
where g=WuQ is the channel conductance per unit length, and W, x, Q are the
width, mobility and inversion charge density. The mobility depends on the electric
field E=-dV/dx, so g depends on the channel potential V(x) and the dVv/dx.
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The local equivalent circuit elements for a channel slice between x and

x+Ax are:

dQ

Coe (X) =WAX (2.45)
_ dQ
O (X) =WAX v, v(X) (2.46)
g, (x) = ST SLIEL (2.47)
X

where Vgc(X)=Vs-V(X) is the gate to channel potential and g’=dg/dE=WQ-du/dE.

For high frequency noise analysis, channel diffusion noise source and gate
shot noise for each slice are introduced. The modeling of the channel thermal noise
of a MOSFET has been an active area of research in recent years [Deen-2006;
Chen-2002; Han-2004; Scholten-2003; Roy-2005]. The method to calculate the
local noise source due to the carrier fluctuation caused by the diffusion noise in
nonequilibrium is to introduce an Einstein’s like relationship between the

differential mobility and diffusion coefficient [Lazaro2-2006]:

D=—"y, (2.48)

where D is the nonequilibrium diffusivity, T, is the noise temperature and g is the
differential mobility (uq=dv/dE). For the typical inversion carrier density in the
inversion layer, we can consider that the channel is not degenerated, and the
velocity distribution is heated Maxwellian [Roy-2005; Nougier-1977; Baker-1980;
Seeger-1973]. Under this assumption the noise temperature T, becomes equal to
the carrier temperature T, and the spectral current density can be written as [Roy-
2005]:
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S, =iz =49QID(E) - = KT, g, (X) = 4KT, g4, (%) (2.49)

Under high channel electric fields, the temperature of electrons in the
channel can rise above that of the lattice. This effect can increase the thermal noise
of the device [Chen-2002]. However, in the drift-diffusion models an analytical
relationship between T, and the lateral field E(x) must be used. One of the more
challenging aspects of including the effect of electron temperature in the noise
model is finding a good model for the electron temperature. A prevalent model in
the literature expresses the electron mobility as a function of the temperature as
shown below [Roy-2006]:

=
=y |- (2550)
Te

Mobility can also be represented as a function of electric field [Roy-2006]:

[1+(EJD] (2.51)
Esal

Equating (2.50) and (2.51), and solving for TJ/T_ gives:

T =T [1+ [Ej J (2.52)
Esat

For p=1 and p=2, eq. (2.52) shows that electronic temperature has a quadratic

dependence for high electric fields.

Replacing T, from (2.49) with the value from (2.52), we obtain a compact

expression for the current noise spectral density between x and x+4x:
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L))
1+ —
Esal

For p=1, we obtain a constant diffusion coefficient over the channel and that the
degradation effect of the mobility by the longitudinal electric field approximately
cancels out the enhancing effect of the carrier temperature. This assumption seems
to be reasonable due to the very good agreement between measured and simulated
data in [Han-2004].

For p=2, we obtain a constant diffusion of type:

KT, H,

q 2
1+(E) (2.54)
E

D=

‘sat

This longitudinal dependence has been obtained empirically in [Seeger-1973] for

bulk devices.

In the model of Chen and Deen [Chen-2002], the electronic temperature is

T.(x)=T, {ua[én (2.55)

where ¢ is a hot-carrier factor.

assumed equal to:

Using this model, we obtain:
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(2.56)

This model uses a velocity relation with p=1, obtaining for high fields a
constant diffusion coefficient equal to J times the low field diffusion coefficient
whereas the diffusion coefficient decreases for fields below saturation field. It was
experimentally found in [Chen-2002] that the best agreement with measurement
results is obtained when ¢ is set to zero. Then, the diffusion coefficient decreases
with longitudinal electric field. The differences between diffusion models will be

studied in the next chapters.

Assuming that the local noise source is spatially uncorrelated and  is the
angular frequency, the drain and gate spectral densities and the correlation matrix

are obtained using the following expressions [Lazaro-2009]:

(2.57)

5 o'W B[ g.(vV)"
S, =it=2 dv S av (2.58)
=i IgLiv{ug(V)(Q(V) V) ] o)
=i - f"“z’f(fg(v)(Q(V) Q(V))dVJg(V) & (259
i ) g(v)
where
9.(V.E) _ 9(vV,E)
g(V,E) av.E)+ 9V E) g(V B e (2.60)
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and the corrected length L. is given by:

VD

J a.vav
L N (2.61)
g

L = -
J avyav

C

O ey

The power spectral density for the local noise source is given by:

g(x) T,(x)

S (x) = 4kT
’ - gc(x) TL

(2.62)
In order to calculate the integrals with respect to the potential in eqn. (2.57-2.59),
we will obtain a relation between the mobile channel charge and the channel
potential. The methodology used to obtain all these parameters is detailed over the

next chapters, for each device geometry (DG, FIinFET, GAA).

2.5.2.3 Shot noise dueto the tunneling gate current (TGC)

With gate length downscaling, ultra-thin oxides below 4 nm exhibit a drastic
increase of leakage current, called direct tunneling current [Schuegraf-1994]. In
this regime, the gate oxide capacitor would introduce an extra noise current source,
possibly a shot noise current source, besides two classical noise sources: drain and
gate current noise. The impact of the direct tunneling current on high frequency
noise performance is becoming critical. The gate shot noise current generated in
each segment of the MOSFET flows along the channel and subsequently creates
drain shot noise current as well, because it is uncorrelated with the origins of the

drain and gate current noise. Since the direct tunneling current can be substantial,
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the drain shot noise becomes comparable to the drain current noise in MOSFETS
with oxides below 2 nm [Danneville-2005; Pailloncy2-2004; Pailloncy3-2004].
The tunneling gate current for each channel slide is given by direct tunneling
current theory [Schuegraf-1994; Pailloncy3-2004]. The local gate current

expression flowing through the oxide is given by:

I (x) = AEOX(X)2 Runnet (X) (2.63)

where the tunnel probability is :

e V0>,
Ptunne! (X) = b[li[li%(x)flzj (264)
e =0 V<O,

with the electric field within the oxide Eq«(X) equal to:

on<x>:E(x)§_s:[LFs—¢sjg:M 2.65)

(0,6 t0X gOX gOX

where ¢s is the surface potential, and Q is the sheet mobile charge density, Vo (X) is
the voltage across the oxide (Vox(X)=Eox(X)tox), and @, the barrier height equal to
3.1eV [Schuegraf-1994]. The constants A and B are given by:

3

A= C:@ (2.66)
T b
8 2 (D3/2
B VM Dy (2.67)

3hg

where h is the Planck constant, and m,=0.4m, (with my equal to electron mass).
However, A, B and @, are often considered as adjusting parameters in order to take

into account quantification effects.
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In order to take into account the shot noise associated to tunneling gate
current ig(X)=J,(X)4x W in the segmentation method, we need to introduce a gate to
channel noise source for each channel slice (see Fig. 2.20) with spectral density

equal to:

12(x) = 20i,(x) (2.68)

The small signal conductance gy(X) associated with the tunneling current is given

by:

_ GJQ(X) . anx(X)
g, (X) =WAX ) oV (2.69)

G

However, for typical bias points its value is small compared with wCg, and it can

be neglected as first approximation.

The excess noise factors y, S, or Pucel’s parameters R, P [Pucel-1974], and
the imaginary part of correlation coefficient C, take into account only the
contribution of the diffusion noise. To include the shot noise associated with gate
tunneling, two current noise sources must be considered. It was shown in
[Pailloncy3-2004], through numerical simulations of SOI MOSFETs using
segmentation method, that the microscopic shot noise sources between the gate and
the channel can be represented by two correlated macroscopic shot noise sources
between the gate and source and between the drain and source, with spectral

densities given by:

S =2ql, (2.70)

g.shot g shot

d s = 20l g (2.71)

S

'u,m
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.k

_ g,shot "d,shot
Cshot - - - (272)
Ig,dwot 'Id,mot

where the factor o depend on the biasing and has typical values between 0.15 and

0.3, and I is the total gate current.

- @

x+Ax

Fig. 2.20. Small-signal and noise equivalent circuit for a channel slice between x and x+Ax.
in(X) models the channel noise. The shot noise due to tunneling gate current for each slice is

modeled by the noise source is(X).

If we consider a fluctuation in the tunneling current flowing from the gate
to the channel between x and x+Ax, it can be shown by solving the current

continuity equation in the channel that the fluctuation in is given by:
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Si_(3) =i,(%) (1—9 (2.73)

The spectral density of the gate to source noise current is found integrating this

along the channel [Ranuarez-2005]:

L 2
s, =2qW[J3,(x) (1-%) dx=2q(l, —21, +17) (2.74)
0

with

- :ngg(x)(%j dx (2.75)

The noise source fluctuation also produces a fluctuation in the gate to drain current

given by [Ranuarez-2005]:

. . . . X
Sl (X) =1,(x) — 01, (X) =i,(X) (I] (2.76)
Slw =2ql” (2.77)
The cross-spectral density is found:
S,., =2aq(g —1") (2.78)

Finally, the gate to source ig and gate to drain ig currents are converted to the

equivalent gate iggo and drain igso NOISE sources (see Fig. 2.21).

ig,shot _ 1 1 igs
id,shot _|:0 1:|I igd @19
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Fig. 2.21. Equivalent gate and drain shot noise source

Then, the correlation matrices are obtained using the transformation matrix (2.79):

.Z - -k *
Ig,shot Ig,shotld,shot 11 IG _ZIGD +1
“lo 1l 29 \
- . .2 -
I .50t snot I shot o =1

_|:IG IGD:|
Iy |

Thus, the factor « is given by:

.
I — |

)

1 17
1

(2.80)

(2.81)

If we assume a linear variation of the gate current with position, an

assumption that has been proposed before in the context of compact modeling and

has been justified from numerical simulations [Ngo-2003], and defining the

partition ratio as:

(2.82)
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then the factor a is given by:

ax——a (2.83)
and the correlation between gate and drain shot noise sources is given by:

l1-«a
Cop ® ———= 2.84
= Jlo-a, &5

The expressions (2.82-2.84) are suitable for compact modeling because the
only required quantities are I and ag, which are available in most compact models.
Also note that while we have assumed only shot noise in the gate current, these
equations are still valid if there are other noise components present in the gate
current (such as flicker noise). Equations (2.83) and (2.84) only have physically
meaningful values when oy is in the range 0.21-0.79 because it can be shown that
if the gate current density depends linearly on the position along the channel, stays
well within that range. Moreover, results from numerical solution of the current
continuity equation indicate that is limited to values within this range even at
relatively high gate and drain biases [Ranuarez-2005]. In this range, it can be
shown that the correlation coefficient Cg, predicted by (2.84) is close to 0.8, which
is the value obtained by A.Van der Ziel in the case of JFETs [Ziel-1969].

Even though the two shot noise sources are correlated, the effect in the
final noise is negligible for drain shot noise source because the diffusion drain
noise source are predominant, and the spectral drain shot noise current is about
30% lower than gate shot noise source. Analytical expressions for the four noise
parameters as function of noise model parameters (R, P, C) can be found in
[Danneville-2005].
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These expressions are more accurate than the ones given in [Pailloncy3-
2004] because they take account the correlation coefficient between noise sources
and the gate noise source contribution. In order to obtain simple close form
expressions for the noise parameters in presence of a tunneling gate current, we
suppose that 1-C?~1 and P+R-2C(PR)*?sP. Using these assumptions,
approximated expressions for the noise parameters can be obtained [Danneville-
2005]:

N SF 2ql
RR R g, TR (2.85)
£) s
B, ~—| — |— (2.86)
f )akT g R

@(Co +Cyy) fo )
Gopt zﬁwm P(R, +R)0On /1+(%} (2.87)
F.o~1+ 2MJPR+ P(R, +R)0x /1{%} (2.88)

P
P'%‘f( *’Fg)gn1
fesor = fr —que ;Ko = R Rg >1 (2.89)
4KToRK gy P+(R, +R)dn

The last expressions show that the tunneling gate current affects basically

the Fnin and Gy parameters. Expression (2.89) differs with the one given in
[Pailloncy3-2004] by the factor Kg. This factor takes into account the thermal
noise due to Ry and Ry in the shot noise cut-off frequency. The effect is a reduction
of this cut-off frequency. Because of the decrease of the oxide thickness along the
down-scaling, the DC tunneling gate current (TGC) Ig flowing through the oxide
gets more and more important. Thus shot cut-off frequency increase with down-

scaling (see 2.89).
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Chapter 3

Compact M odeling of Double-Gate Transistors

3.1 Introduction

Ultrathin-body MOS transistors, and in particular, DG MOSFETS are considered to
be a very attractive option to improve the performance of CMOS devices and
overcome some of the difficulties encountered in further downscaling of MOSFET
transistors into the sub-50 nm gate length regime [Balestra-1987; Fossum-2002;
Fossum-2004; Kim-2001; Taur-2001]. One of the limiting factors in MOSFET
downscaling is the static power consumption due to short channel effects (SCEs),

including threshold voltage roll-off and subthreshold slope degradation, among
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others. These effects increase the off-state leakage current. In DG MOSFETSs, the
gate control over the channel is stronger than in planar SG MOSFETS, thus these
effects can be significantly reduced [Balestra-1987; Fossum-2002; Fossum-2004;
Kim-2001; Taur-2001].

Nanoscale DG MOSFETs introduce challenges to compact modeling
associated with the enhanced coupling between the electrodes (source and drain
gates), quantum confinement, ballistic or quasi-ballistic transport, gate tunnelling
current, etc. Most models in literature are for undoped devices with a long enough
channel to assume the transport is due to the drift-diffusion mechanism [Taur-
2001; Francis-1994; Sallese-2004]. The electrostatics modeling is based on solving
the one-dimensional (1D) Poisson equation perpendicular to the gates, thereby

neglecting short-channel effects.

These issues justify the need — and relative urgency - for advanced
computer-aided-design (CAD) compatible models, based on the physics of the
device, which can be used in circuit simulators. Such a model - for short-channel
DG MOSFETs - is presented in detail in this chapter.

The starting point is a classical model (without quantification effects) for
the doped double gate MOSFET, which is analytical, explicit and continuous. It is
based on a previous work by P. Francis et al. [Francis-1994] who presented a
current model valid for low Vps. The model works in all operating regimes from
weak to strong inversion and from linear regime to saturation. The current
expression is based on a unified charge control model, written in terms of charge
densities at the source and drain ends [Jimenez-2004; Iniguez-2005], and derived
for a doped DG-MOSFET. It uses an accurate explicit expression of the inversion
charge densities in terms of the applied bias, and no fitting parameters are used in

the charge control model. The model is continuous through all operation regimes



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

(linear, saturation, sub threshold), up to well above threshold, and since these
devices are not operated at high values of Vgg, it is considered valid for all regimes

of practical interest.

This classical unified charge control model is extended to include
quantification effects within the channel. This extension is based on the analytical
solution for Schrédinger equation for an infinite potential well presented by
Baccarani et al. [Baccarani-1999]. This hypothesis fails for strong inversion region
where the wavefunctions differ from the case of infinite potential well [Trivedi-
2004; Ge-2000]. Using the concept of inversion layer centroid [Lopez-Villanueva-
2000; Ge-2000], a correction in the oxide capacitance is introduced in order to
improve the accuracy in the strong inversion bias region. Finally, a compact charge
control model is obtained, which includes quantum effects whose explicit
formulation is similar to classical charge control. Velocity overshoot is included in
the model using a one-dimensional energy-balance model. In contrast with the
model presented by G. Baccarani et al. [Baccarani-1999], the effect of saturation
region and the channel modulation length effect are considered. The low-field
mobility data uses a model that takes into account the mobility degradation due to
guantum effects [Ge-2002].

The DC model is extended to RF/microwave frequency range using the
active transmission line approach [Iniguez2-2005; Lazaro-2006]. Diffusion and
shot noise sources are included in the active line in order to study the noise
behaviour of these transistors. Needless to say the carrier temperature has a great
influence in the behaviour of the high frequency noise. Whereas in the drift-
diffusion models the carrier temperature is considered using empirical relationships
with electric field, in the model presented here, the carrier temperature along the
channel is obtained from the energy-balance model. In contrast with previous
models for DG-MOSFETS [Iniguez2-2005; Iniguez-2006; Pailloncy-2004; Lazaro-
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2006], a compact model for RF/noise applications including quantum effects and
hydrodynamic transport is presented, as well as a comparison between drift-

diffusion and non-stationary models.
3.2 Charge Control Mode

3.2.1 A Classical Charge Control M ode

Figure 3.1 shows a drawing of a symmetrical DG-MOSFET. Using the Gradual
Channel Approximation and neglecting the hole concentration, Poisson’s equation
in an n-channel DG MOSFET reads as [Lazaro-2006]:

5 = —

3.1
FERN (3.0)

d2¢(x, Y) q {N +n_fe,§[¢(xvy)wx>]}
A

A

where ¢ is the surface potential, g is the electron charge, ¢4 is the permittivity of

the silicon, N, represents the doping density, n;is the intrinsic carrier concentration,
k is Boltzmann’s constant, T is the temperature and V(X) is the electron quasi-Fermi
potential depending on the voltage applied to the channel between source and drain

and is assumed to be independent of y [Francis-1994].
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Fig. 3.1. Double-Gate MOSFET structure

The surface electric field Eg(x)can be written in terms of the mobile

charge density (in absolute value) per unit area Q, and the depletion charge density

per unit area (in absolute value) Q. = dN,t; (ts being the silicon film thickness):

. Q+Q,,
2¢,

Es(x)

(3.2)

By integrating eq. (3.1) between the centre and the surface of the film we get:

20N KT n*> Y-y - (d-a)
Es(x)=,/L\/(¢s—¢o)+—”—'ze”” V(”[l—e T j (33)
&g q NA
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where ¢ =¢(x,-t, /2)is the surface potential and ¢, =¢(x,0)is the potential in
the middle of the film. Equation (3.3) cannot be analytically integrated for the
potential, but it is observed, from numerical simulations, that the difference ¢, — ¢,

keeps a constant value from the subthreshold region to well above threshold.

At this point it is useful to define the average penetration of the inversion-
charge distribution vy, into the silicon. Following J.A. Lopez-Villanueva et al.
[Lopez-Villanueva-2000], due to the symmetry of the inversion-charge distribution

in symmetrical DG-MOSFET, we define y; integrating only half of the silicon film:

[ yn(y)ay 2

y, = “" yn(y)dy (3.4)
[ n(y)ay J

Integrating the one-dimensional Poisson’s equation between y=0 and y=tg/2

(neglecting the majority-carrier concentration and N, assumed constant) we obtain

the following expression for the difference ¢, — ¢, .

yI qNAts y| QDep
—¢, = + = +
%=t 2¢ Q 8¢. 2g.Q 8C

s s s S

(3.5)

Note that, for weak inversion, the term y,Q < Q. /8C,; in eq. (3.5) may be
simplified to:
qu (gDm

bs—¢ = = E (3.6)

where C, = ¢, /t, represents the silicon film capacitance. Approximation (3.6) is

valid from subthreshold to well above threshold, which is demonstrated by the

correct agreement with simulations, for low and moderate Vgs(~2V). For high Vgs
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the surface potential increases much more rapidly than the mid-film potential,

making the approximation less correct.

Equating (3.2) and (3.3) the following charge control model is obtained:

2 3 2
V-V, -V —[gﬂ+k—Tlog {q—N—A s D _

C. a |KTn®o2e
3.7)
g_,_k_Tk)g i +k_T|09 %
Co 0 Qe | d Qoer

Note that V varies from source to drain, being V=0 at the source and V=Vps at the

drain [Iniguez-2006], Veg s the flat-band voltage and C,, represents the capacitance

of the oxide (C, = ¢, /t,).

In order to calculate the charge densities from an explicit expression of the

applied bias, the following equation is used:

2

2 C 2 2 C 2 Vs —Viy +AV, -V

Q=2C,| - Q°Xﬂ + ( of ] +4ﬂ2Iog{1+e 2 (3.8)
Dep

Dep

Expression (3.8) is similar to the expression used in surrounding gate
MOSFETS [Jimenez-2004; Iniguez-2005], where the charge control model has the
same form as eq. (3.6). This expression tends to the desired limits below and above
threshold (see [Iniguez-2005] for details).

Ineq. (3.8) p=KT/q and Vqy is defined as:

QI
= 241
V., =V, + ﬂog[1+ 20 J (3.9)

Dep
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where Q' is actually an initial iteration for Q:

2
2 2 2 2 Ves oV
Q'=2C,|- Z"Xﬂ + [ Z"*ﬂ J +4 3 Iog{1+e 2 (3.10)
Dep Dep
and

KT 2N tg’
V=V | Do KT g Ny & (3.11)

2C, ¢ KT n® 2s

The term AVy, ensures the correct behaviour of Q above threshold:

C.A |
)

Qpe, + QY2

AV, =

TH

3.2.2 A Quantum Charge Control Model

Due to the confinement of electron motion normal to the Si-SiO interface, the
conduction band within the transistor channel is split into several subbands, each
being associated with its corresponding energy eigenvalue. Hence, the channel

charge per unit area may be expressed as [Baccarani-1999]:

N, N, BB
Q=aN =g >N, Iog{1+e kT }

n=1 k=1

(3.13)

N, N, Ex—Ee a(de—¢x,)
=q) > N logsl+e * . ¥

n=1 k=1
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where N is the density of states in the subband at energy E.« and N is the number
of subbands generated by each minimum of the silicon conduction band. For a
silicon with a <100> crystal orientation, two energy eigenvalues with generacy

factor g;=2 and g,=4 are considered.

N, = SMuKT (3.14)
zh

An initial approximation for the eigenvalues is given using the square potential

well:

(n7rh)2
2m, t?

—E_+ (3.15)

nk C

where m, =ny,m;, = /nyny, m, =ny =0.916m,, m,, =ny =0.19m,.

Using the perturbation theory, a first-order correction to the energy eigenvalues can
be computed, as a perturbational potential energy [Baccarani-1999]:

SH z;_/’xz, p=—(N +N,t,)/t, (3.16)
&g

s

t/2
5En=<wn|5H|wn>=q—p I sinz(r:—ﬁ(de/Z)szdx
£ )

s's —tg/2

_aptsf, 6
248Si (n;z')2

where p is the average space charge density in the potential well and w, is the

Sl

(3.17)

autofunction associated to the eigenvalue E.

An approximated channel charge can be obtained using the Boltzmann

approximation:
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kT AVesVin V)
Q=2C,—log {1+e KT (3.18)
q

The threshold voltage Vy is defined as:

Nt, KT 2C KT
V, =0, —z+%+—log[ q;;\l j (3.19)

g

where N, is the acceptor channel density, Cq is function of the oxide capacitance

per unit area, and Cq is the depletion capacitance per unit area (C, ~ 4&, /t,).

ESACE 3.20
"TCsc, (3.20)
In (3.20) the effective density of states is defined as:
N, N, _Ew-Ey
N.=D> > Ne © (3.21)

>

=1 k=1

To verify the compact quantum-effect model, the predictions where
compared with those obtained with SCHRED [Vasileska-2000], which numerically
and self-consistently solves the Poisson and Schrodinger equations in arbitrary 1-D

MOS structures. Figures 3.2 and 3.3 show the inversion charge as a function of

gate bias for a DG-MOSFET (¢, =4.05 eV, t,=1.5nm) for ts=5 nm, N,=10"" cm™
(Fig. 3.2), and ts=10 nm, N,=10"" cm™ (Fig. 3.3). These figures compare the

classical simulation (Poisson equation solved numerically with SCHRED) and the
self-consistently Poisson-Schrédinger simulation, with the classical compact model

(3.8-3.12) and the new compact model from eq. (3.18).
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Fig. 3.2. Comparison of the inversion capacitance as a function of gate voltage between the

classical and quantum models (t5=5 nm, Na=10""cm™®).

These figures shows an excellent agreement between the classical
simulation and the classical compact model (3.8-3.12), validating the
approximation from eq. (3.6). Nevertheless the quantum compact model (3.13-
3.17) and the simplified expression (3.18) do not agree with numerical simulations
in the strong inversion region, but the agreement is better for low gate bias. These

discrepancies arise from the infinite potential well approximation and the uniform
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Fig. 3.3. Comparison of the inversion capacitance as a function of gate voltage between the
classical and quantum models (=10 nm, NA=10*"cm’).

charge distribution in the well assumed equal to the mean value used in the
eigenvalue calculation, in spite of a second order correction performed later in
order to improve the initial eigenvalue estimation. Figure 3.4 shows the

eigenfunction for a lower subband for different gate bias voltages.

For a higher gate bias voltage the eigenfunctions differs from the
eigenfunctions from the infinite potential well formulation. This effect is studied by

L. Ge et al. [Ge-2002] where a set of trial eigenfunctions is proposed:

) ) ot
M .(e b,/ +e b (tg =)/t ) (3.22)

s
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where @ are normalisation factors, and by are parameters that are found by a
variational approach. For the case =0, eq. (3.22) reduces to an infinite well

eigenfunction.

— Vgs=0.5V —=—Vgs=0.5V —=— Vgs=2V
3
x10

W L

N

P (Lm*)

Fig. 3.4. Lowest subband eigenfunction (in 1/m" units) computed numerically as a function
of normalised depth for Vgs=-0.5V, Vgs=0.5V and Vgs=2V.

Integrating Poisson’s equation over half the Si film vyields [Lopez-
Villanueva-2000]:

: Q. (. C. :
Q = 2Cox |:VGS — CDMS — ¢0 — Zéz (1+EJj| = 2Cox (VGS _VTH ) (323)

si

with
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. C
Cl=—2—
1+C,, K
£

S

(3.24)

Equation (3.23) is accurate in weak, moderate and strong inversion regions due to
the fact that no simplified assumptions have been made in its deduction. Note that

Vqy is a nearly constant threshold voltage for strong-inversion conditions.

Equation (3.23) can be interpreted as a surface potential formulation for
DG MOSFET devices. However, the inversion centroid is a function of the
inversion charge Q. As a result a nonlinear equation that does not have an explicit

solution is obtained. In the classical compact model, i.e. y;=0, Cox reduces to Cyy.

A simple relationship between the inversion centroid and the inversion
charge obtained fitting numerical simulation results is given by J.A. Lopez-

Villanueva et al. [Lopez-Villanueva-2000]:

N +L(N'j (3.25)
Y, a+b'tsi Yio NIO

with a=0.35nm, b=0.26, y,¢=6 nm, N,,=7-10" cm™ and n=0.8.

Using a variational method and an eigenfunction (3.22), an alternative

explicit expression to (3.25) is given by L. Ge et al. [Ge-2002].

Using the results of Figs. 3.2 and 3.3, we propose using the same charge
compact model to include quantum effects but using the effective oxide
capacitance C,y , which is calculated using (3.24-3.25) from an initial iteration in
the inversion charge given by eq. (3.13). This unified compact model has the same
explicit expression for classical and quantum-effect model but using different

threshold voltages (see Figs. 3.2 and 3.3) and effective oxide capacitance.
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3.3 Drain Current Model

In extremely short channel DG-MOSFET the channel is quasi-ballistic, thus an
important overshoot velocity is expected [Fossum-2004; Ge-2001; Baccarani-
1999]. Using a simplified energy-balance model, the electron mobility is a function
of the electron temperature related to the average energy of the carriers. The

electron temperature T is governed by the following equation:

dar, T.-T, ¢
ey 0 —E(X
I y K (X) (3.26)

where the energy-relaxation length is defined as A, =~ 2v, 7y being the energy

ﬁ w’
relaxation time and v, the saturation velocity. Equation (3.26) can be integrated

assuming a constant A,, under boundary condition Te(x=0)=T0, and the x-

component of the electric field expressed as function of channel potential, Ex(X)=-
dv(x)/dx:

X

T(x)=T, +2—V(x)—ﬂ.fV(§)e d§ (3.27)
The velocity increases along the channel, and for Vps>Vpss (Vpss is called
saturation voltage), the velocity reaches a saturation velocity. Assuming that the
velocity is saturated, the channel can be divided into two sections (see Fig. 3.1): the
first section, O<x<Lc=L-L&;, and the saturation region, x>L.. In contrast with
classical drift-diffusion models, the saturated velocity in the saturation region due
to non-stationary effects can achieve a value several times higher than the
stationary saturation velocity, Vg. This phenomenon is known as velocity

overshoot.
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In the linear region, the carrier velocity can be obtained from the mobility:

V) = 4, (0,09 = — (T“E"X B (3.28)

where the value of « is determined from eq. (3.26) under static conditions, where
dT/dx=0:

a = 2k/unO

= (3.29)

The dependence of the mobility u,o on the normal electric field is often referred to
as mobility reduction, whereas the dependence on the lateral electric field is often
referred to as velocity saturation. The effective vertical field E4 reduces the

effective mobility given by the model of V.P. Trivedi et al. [Trivedi-2004]:

y7]
Hno (ts', E )= :
14 Ho | Honwu g1 g Ho (3.30)
Hongouny \ Hpnity ) Hg
where effective Yo and @ are fitting parameters, and the effective normal field is
given by:
Q+Q
E, ~—= (3.31)
de

S

Note that the model from eq. (3.30) takes into account the dependence of mobility
with the silicon thickness due to the variation of the distance between the
inversion-charge centroid and the surface with respect to tg. It uses the lowest

subband associated to the eigenfunction (3.22) to calculate the phonon limited



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

mobility. Screening mobility is modeled in the same manner as conventional

devices, using the effective field (,usraE;f).

Expression (3.28) differs from the classical drift-diffusion model where the

mobility is a function of the lateral electric field.

:uno
=—fmw ___E <E_ 3.32
Ty E /E ' (3:32)

where Eg is the saturation field when the velocity reaches saturation voltage.

For the calculation of the current that flows from drain to source, the so-
called channel current lpg it is assumed that the hole current as well as
recombination/generation can be neglected. The channel current can be described

by the drift-diffusion current:

|, =WQu (3.33)

where Wis the gate width.

Using the charge control models previously presented and the velocity

given by eq. (3.28), the drain current in the linear channel region is obtained:

V,

Dsat

W [ 2, QV)av Wuy [ QV)aV
IDS = 0 =T 0 (334)

e e

(1+a(T,(x) - T,) ) dx j(1+a(Te(x)—T0))dx

0

V,

Dsat

Sy T—

The numerator integral can be calculated numerically or using the mean value
theorem and can be expressed as a function of a mean effective mobility, g,

whose value can be obtained by means of a numerical integration of eq. (3.34).
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Alternatively, some compact modeling authors propose the use of the following

empirical expression for the mean effective mobility:

(3.35)

Ho Eeﬁ(xzo)—l—Eeﬁ(X:Le)J
He

1400V V) ”( 2

where 6’ is an empirical parameter. Another approximation assumes a smoothing
change of the mobility along the channel, thus the effective mobility is given by eq.
(3.30) but evaluated at the mean effective field between the source and the

saturation point.

In the classical case, using the effective mobility, the charge integral from
eq. (3.34) can be evaluated and the integration is done analytically in eq. (3.37),

being denoted as the function f(Vgs,Vbssar)-

From egs. (3.3-3.4) the following expression is obtained:

av -2 Ko, dQ (336)
Co AL Q Q+Qy

Therefore the expression of Ips can be written in terms of carrier charge densities.
Integrating the charge density using eq. (3.8), between Qs and Qy (Q=Qs at the

source end and Q=Qy at the saturation point or drain end), we have:

KT QI-Q kT Q, +Qpe
f (Ve =2/2—(Q, - =<, Q. log| —2% ,
(Vas Voss) [ ] (Q.-Q,)+ et Qoe OQ{QS+ QDepﬂ (3.37)

0oX

In the quantum case, using the effective mobility, the charge integral from

eg. (3.34) can be evaluated numerically, and it is denoted as the function
f(Vos Vossa)-
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In order to evaluate the integral of the denominator from eq. (3.34), the
temperature profile along the channel is required. As an approximation, in the
linear region the lateral field is considered linear from a small value at the source
end to the saturation field at x=Le (Ex=Ex'X/L¢). Using eq. (3.37), we obtain:

Wll'leff f (\/GS’VDS) _ ﬂ ll'leﬁ f (\/GS’VD$)
L

oS L Lk 1+yV 3.38
qa Ay e 7% Dss (' )

L+—|V(&e™d

o+ I (&)e ™ d&

where
He 1

= 3.39
}/n V%ltLe (1+21W/Le) ( )

and Vpss is equal to Vps for non saturated channels (Le=L) and Vpss=Vpssa: fOr

saturated channels.

Channel length modulation should also be included in the model. For
Vbs<Vpsw: the device works in the linear region, L=L and Vpsx=Vps For
Vbs> Vpssa, the channel is partially saturated, and the saturated channel length is

given by:

E_L

sat —C

- [V =V,
AL=L-L, =L, arcsin h(MJ (3.40)

where L;=a-A. is proportional to the characteristic length A. [Lazaro-2006], and a is

a fitting parameter (O<a<1).

The saturation voltage Vpse is found using the current continuity along the
channel. Equating (3.17) with the expression of the current in the saturated channel

given by:
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IDS =WQ(V :VDsmr)th,ns (341)

where veins 1S the channel velocity in the saturation region (x>L.) taking into
account the non-stationary effect from eq. (3.26), we obtain the value of Vpgg by

equaling to 0 the derivative of Ipsversus Vps [Baccarani-1999]:

wi kT s Wi
Voo, =V +Fln {1+exp[ a(v, Vi) /KT ]} (3.42)

where Vpss in the strong inversion (si) and weak inversion bias region is given by:

1
. —(/1+ 2 -V NV.—-V. >0
VDSSSaI — an (\/ n(VGS TH)) GS TH (343)
Vs Vi V.-V, <0

Gs

Voo, ~4KT /q (3.44)

where a, = u /(v -L).
A smoothing function is used to interpolate Vpss:

In{l+exp| A -V [ (KT /
VD$ :VDS_% { + p[ (VDSA DSwt) ( q)]} (345)

where A is the parameter that controls the transition between the saturated and the

non saturated channel.

Note that the lateral electric field in the saturation region is given by:

E.(x) = E_, cosh ( Xl L j (3.46)

C
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where Eg is the field at saturation channel point and is obtained from Vpsg, under
the linear field approximation in the linear region. Using egs. (3.27) and (3.46), the

carrier temperature in the saturation region can be calculated.

Note that the conventional drift-diffusion model using the mobility-field
relation from eq. (3.32) is recovered if A, is set to 0, meaning that Vg s IS equal to

stationary value Vg and = o

3.4 RF and Noise Modeling

The existing noise calculation methodologies (namely the Klaassen-Prins
approach, equivalent circuit method, and impedance field method) must be adapted
to model the noise in short-channel devices. A generalization of the long channel
noise calculation methods to incorporate the mobility degradation is described by
A.S. Roy et al. [Roy-2006] (see Annex Il for a complete study). This reference
shows the equivalence between these noise calculation methods in presence of

velocity saturation.

In order to take into account the most important effects, such as non quasi
stationary effects, the gate and drain correlation between noise sources, the
tunneling gate current noise, we use the segmentation method. This method can be
considered as an efficient implementation or discretisation to calculate these

integrals compatible with RF CAD tools.

An accurate noise model must account for high-field effects. At high

electric fields, the carrier velocity saturates, resulting in a corresponding decrease
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in effective mobility [Roy-2006; Ziel-1986]. The effective channel length
decreases as Vps is increased beyond Vpse due to the velocity saturation region
which has the length L [Ziel-1986]. Although channel length modulation (CLM) is
also present in long-channel devices, L. may represent a significant portion of the
overall channel length in short-channel devices. All of these effects influence the

channel conductance, and the noise.

Recent work has addressed these issues for MOSFETs [Roy-2005];
however, the results are incomplete since the noise model is derived using an
equation which does not hold for short-channel devices. Furthermore, hot electrons
exist when high electric fields in MOSFET devices cause electrons to have a
carrier temperature (T.) which varies with the electric field and exceeds the lattice

temperature (T.). This alone increases the amount of thermal noise in the device.

Under high channel electric fields, the temperature of electrons in the
channel can rise above that of the lattice. This effect can increase the thermal noise
of the device [Ziel-1986]. In the hydrodynamic model presented in this chapter,
Te(X) is obtained from egs. (3.27) and (3.36). As stated in chapter 2, section 2.5.2.2,
in the drift-diffusion models an analytical relationship between T, and the lateral

field E/(y) must be used.

According to K. Seeger [Seeger-1973], the electron mobility is expressed

as a function of the temperature:

=
Iy = py |- (3.47)

o

Mobility can also be represented as a function of electric field [Roy-2005]:
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Hy

” [Exj (3.48)
EC

From egs. (3.47) and (3.48), we obtain:

E 2
T.=T {1{;0} J (3.49)

The channel conductance of each slide is [Roy-2005]:

Hy =

_VVQ _VVQ(/ueﬂ +/u;jf'Ex)
9:00 = AX Ha = AX

|, =dvidE, (3.50)

Using eq. (3.48) and the expression for the differential channel conductance g. (eq.
3.50), we can obtain a compact expression for the current noise spectral density

between x and x+A4x:

8,00 =1 = ak LT
L[ E ?AX (3.51)
EC

However, ultra-thin oxides below 4 nm exhibit drastic increase of leakage
current, the so called direct tunneling current [Pailloncy2-2004; Ranuarez-2005;
Schuegraf-1994]. In this regime, the gate oxide capacitor introduces a shot noise
current source, besides the two classical noise sources: drain and gate current noise.
The impact of the direct tunneling current on high frequency noise performance
becomes critical. The gate shot noise current generated in each segment of the
MOSFET flows along the channel and subsequently creates a drain shot noise
current, because it is uncorrelated with the origins of the drain and gate current

noise. Since the direct tunneling current can be substantial, the drain shot noise
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becomes comparable to the drain current noise in MOSFETSs with oxides below 2
nm [Pailloncy2-2004]. The tunneling gate current (TGC) for each channel slide is
given by direct tunneling current theory [Ranuarez-2005; Schuegraf-1994]:

73[17[17\/‘“—(”]3/2]
U e (3.52)
J.(y)=AE (y)’e =V

with the electric field within the oxide E(y) equal to:

£ (y)= E(y) 55 - 2%
P2y &

ox ox

(3.53)

where Vy(y) is the voltage across the oxide (Vox(Y)=Eox(Y)tex), and @, the barrier
height equal to 3.1eV. The constants A and B are given by [Schuegraf-1994] (see
chapter 2, section 2.5.2.3).

The small signal conductance gq4(y) associated with the tunneling current is

given by:

0J,(y) OE.(Y)
OE,(X) 0V

g,(y) =WAy (3.54)

Using the nodal admittance method, the active transmission line can be
analyzed [Lazaro-2006]. We start numbering the circuit nodes from source (hode
1) to the drain end (node N+1), with the gate numbered as N+2. The current at

circuit nodes can be written as:

[L1=0Y - M1+ ] (3.55)

where I; is the signal input current at each circuit node, V; is the node voltage, I,; is

the noise current at each node, and Yj; is the admittance matrix.
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The current at the internal nodes is equal to zero (l;,=0, for i=2...N), and the
external nodes are connected to voltage bias. To obtain the external admittance and
correlation matrix, the nodes are renumbered as internal nodes (i=2...N), and

external nodes (nodes 1, N+1, N+2). Then, the equation system (3.55) can be

WM

The correlation matrix between noise sources at each node can be expressed as:

c ZHH {Cﬁ C} (357)
ine Lw (:d (:%

The intrinsic transistor admittance matrix, Yy, is given by:

written as:

=Y Vet (3.58)
Y, =Y, -PY, (359)
i
= } =i, Pi, (3.60)
where
P=Y,Y" (3.61)

Using egs. (3.58-3.61), the admittance equivalent noise sources (ig, iq) can be
found, and the associated correlation matrix is the intrinsic transistor correlation

matrix Cy; given by:
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- . x

i
c, =2~ %|=c,-C,P'-PC +PC, P (3.62)

3
gy g
Equation (3.62) expresses the contribution of each channel noise source to the total
noise (including the correlation coefficient) affected by a factor that can be

interpreted as a generalized impedance field.

The intrinsic small signal equivalent circuit elements (Fig. 3.5) can be
obtained from intrinsic Y parameters by identification. In order to obtain the
transistor S parameters and noise parameters, the series parasitic resistances and
inductances, and the parallel parasitic capacitance must be included. The extrinsic
(including parasitic) parameters are obtained using well known relations described
by A. Lazaro et al. [Lazaro-1999] and H. Hillbrand et al. [Hillbrand-1976].

For RF applications the goals are maximizing the intrinsic gain, the cut-off
frequency fr and the maximum frequency of oscillation f.,. From the equivalent
circuit of Fig. 3.5 these parameters can be easily calculated with the following

expressions [Pailloncy2-2004]:

g g
f — m ~ m
" 2zc \Jl+2Cc,iC,  27(C,+C,) (3.63)
< O
max C .
ZHCgS\/4(RS+R +Rg)[gds+gmcg"} (3.64)
s

where Cy and Cyq, including fringing and overlap capacitances calculated using
expressions given by A. Bansal et al. [Bansal-2005], g, is the gate
transconductance, R, (in series with Cg) takes into account the distributed nature of
the MOSFET and ggs is the drain-to-source conductance. As shown in eq. (3.63-

3.64), fr depends on the ratio g, and the total gate capacitance while f. also
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depends on the source/drain and gate parasitic resistances, as well as the ratio
Cyd/Cqs. The overlap and fringing capacitances increase the intrinsic capacitances,

reducing the cut-off frequency fr and the maximum frequency of oscillation fy.

CORRELATED NOISE
SOURCES

YJ% |§§Ri“ q&ij)tfi; é§ <£7

Fig. 3.5. Small-signal equivalent circuit using admittance noise source configuration for an
intrinsic MOSFET.

Parasitic resistances reduce f.x and increase the transistor noise. The gate
resistance consists of two major contributions: one contribution is the well-known
silicide sheet resistance [Iniguez2-2005]; the other is the contact resistance between
silicide and polysilicon [Pailloncy-2004]. The gate resistance is given by [Shenoy-
2003]:
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poon
WL

R:

g +

(3.65)

Wl

R W
L-N2 N2

fingers " " contacts

where Ry IS the silicide gate sheet resistance, Ningers AN Neonacis are the number
of parallel fingers and gate contacts respectively, and o, is the silicide-to-
polysilicon specific contact resistance. For this DG model, Ryes=2 £2/sq and peon
=0. A distributed contact resistance model is employed for source (drain) access

resistance.

3.5 RF and Noise Simulations

In order to analyze the influence of the charge and transport models, in Fig. 3.6 we
compare the drain current for DG-MOSFET (Nx=6-10"" cm™, L=50 nm, t4=5 nm,
t,x=1.5 nm) obtained using the classical compact model, the quantum charge model
and using the drift-diffusion and hydrodynamic models. According to the
simulation results from Fig. 3.3, the main differences between classical and
qguantum charge control models come from the shift in the threshold voltage and
capacitance reduction for the guantum case. More important are the differences
between the drift-diffusion and hydrodynamic models. Due to overshoot effects,
the velocity, the current and transconductance are larger in the hydrodynamic

model than in the drift-diffusion model.
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Fig. 3.6. A comparison of drain current for DG-MOSFET (N,=6:10"" cm™®), L=50 nm, t4=5
nm, t,=1.5 nm for classical charge control ( -Drift-Diffusion model, « Hydrodynamic
Model) and quantum charge (-- Drift-Diffusion model, o-Hydrodynamic Model). The gate
voltages are VgsV1=0.5,1,1.5and 2 V.

The fr and f» computed using egs. (3.63-3.64) as a function of gate length
for a typical RF operating bias point (VesVm1=0.5V, Vps=1V) are shown in Figs.
3.7 and 3.8, respectively.

We consider as an upper bound for the silicon thickness the following
scaling rule, t4=0.4L. In these results the differences between classical and
quantum results arise from the small threshold shift between the two models and
the overestimated capacitance in the classical charge control. The differences
between transconductances due to the overshoot effect increases with downscaling.
In the case of f.. the increase in transconductance due to the overshoot

compensates the effect of parasitic resistances when gate length decreases.
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Fig. 3.7. Simulated cut-off frequency f, versus gate length for DG-MOSFET (Na=6-10"" cm’
3 W=10 pm, 10 fingers). Vps=1 V, VesV1y=0.5V. A Comparison between the classical and

quantum charge controls for the Drift-Diffusion and Hydrodynamic models.
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Fig. 3.8. Simulated maximum frequency of oscillation versus gate length for a DG-
MOSFET (N,=6-10"" cm™®, W=10 pm, 10 fingers). Vps=1 V, Vs Vr=0.5V. A comparison
between the classical and quantum charge controls for the Drift-Diffusion and

Hydrodynamic models.
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Fig. 3.9. Frequency behaviour of the Intrinsic Noise Parameters including gate current
effect for DG-MOSFET (NA=6-10"" cm?®, L=12.5 nm, tg=5nm, 10 fingers, W=10 pm, Vgs
V=0.5V, Vps=1V). A Comparison between the classical and quantum charge controls for
the Drift-Diffusion and Hydrodynamic models.

Figures 3.9 and 3.10 show the frequency behaviour of the intrinsic noise
parameters of a DG-MOSFET (Nx=6:10"" cm®, L=12.5 nm, tsi=5nm, 10 fingers,
W=10 um) for a VgsVmu=0.5V, Vps=1V, and Ves V=1V, Vps=1V, respectively.
These figures predict important differences between the hydrodynamic and drift-
diffusion models due to different carrier temperatures along the channel. Shot noise
effect due to TGC is relevant for low frequency range and this effect increases with
gate voltage. In Fig. 3.9 hydrodynamic models predict higher noise figure than
drift-diffusion, whereas in Fig. 3.10, the behaviour is inverted. This point is
justified by the increase of the carrier temperature in the saturated region. In Fig.

3.9, the transistor is in the deep saturation regime, thus the hydrodynamic model
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Fig. 3.10. Frequency behaviour of the Intrinsic Noise Parameters including gate current
effect for DG MOSFET (Na=6-10"" cm™, L=12.5 nm, tg=5nm, 10 fingers, W=10 pm, Ves
Vm=1.0V, Vps=1V). A Comparison between the classical and quantum charge controls for

the Drift-Diffusion and Hydrodynamic models.
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Fig. 3.11. Frequency behaviour of the intrinsic and extrinsic (with parasitics). Minimum
Noise Figure for DG-MOSFET (L=12.5 nm, ty=5nm , 10 fingers, W=10 um, Vgg
VTH:O.SV, VDS:]-V)-
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gives higher noise spectral densities in the saturation region than the drift-diffusion

using the empirical model given by eq. (3.47).

Figure 3.11 shows the intrinsic and extrinsic minimum noise figures as a
function of frequency for a DG-MOSFET (N,=6-10"" cm™®, L=12.5 nm, tg=5nm, 10
fingers, W=10 um) for a VesViw=0.5V, Vps=1V. This figure shows the need to
reduce the parasitic resistances in order to achieve a good noise figure performance

at room temperature.

014

—— Quantum with TGC
0.12/ | —— Quantum without TGC
| |2 Classical with TGC

— Classical without TGC

NF.., (dB)

0 50 100 150

Gate length (nm)
Fig. 3.12. Intrinsic Minimum Noise Figure for DG MOSFET (t,=1.5nm, t4=0.4L , 10
fingers, W=10 um, VesVy=0.5V, Vps=1V, f=1GHz) as a function of the gate length
including TGC noise contribution and without TGC.

To investigate the downscaling effect in the noise figure, Fig. 3.12 shows

the minimum noise figure at 1 GHz as a function of gate length for a DG
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(NA=6:10"" cm?® L=12.5 nm, tg=5nm, 10 fingers, W=10 pm, t4=0.4L, Ves
Vmy=0.5V, Vps=1V). This figure shows the small effect in DG-MOSFET of the
TGC effect for this typical point. Fig. 3.13 shows the extrinsic minimum noise
figure for the same device and bias conditions. This figure shows that the increase
in the transconductance due to the velocity overshoot phenomenon taking into
account in the hydrodynamic models compensates the higher parasitic resistance
caused by downscaling. For this bias point, the hydrodynamic model predicts
higher noise figures due to a higher noise temperature along the channel, especially

in the saturation region.

0.2
—e— Quantum Hydrodynamic
— Quantum Dirift-Diffusion |
0.15; | —=— Classical Hydrodynamic )
& —% Classical Drift-Diffusion
©
£ 01 o e
L v
z
0.05
0
0 50 100 150

Gate length (nm)

Fig. 3.13. Extrinsic Minimum Noise Figure for DG-MOSFET (t,=1.5nm, t4=0.4L, 10
fingers, W=10 um, VgsV1y=0.5V, Vps=1V, f=1GHz) as a function of the gate length

including TGC noise contribution.
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3.6 Analytical Determination of Drain and Gate Noise Spectrums

In this section, compact analytical expressions to model the gate and drain current
noise spectrum noise densities and their correlation in short channel symmetric DG
MOSFETs are developed. These expressions depend on the mobile charge density
and the drain current. We use here the Compact Model for Symmetric Doped
Double-Gate (SDDG) MOSFETs [Cerdeira-2008] in order to obtain the analytical
expressions for charge and current. In this model, the mobile charge density is
calculated using analytical expressions obtained from modeling the surface
potential and the difference of potentials at the surface and at the center of the Si
doped layer without the need to solve any transcendental equations. In addition,
this model could be applied to channel doped DG MOSFETSs [Cerdeira2-2008]
including short channel effects. The compact analytical expressions obtained for
different noise magnitudes will be compared with the results obtained with the
segmentation method. Finally, using the possibilities of the analytical expressions,
the compact noise model will be applied to analyze the high frequency noise
performance of these devices and some trends related to their variation with the
downscaling will be provided. In this section, the noise properties of the devices

are discussed.

3.6.1 Chargeand DC Current Models

The DG structure as well as the simpler schematic view of the DG under analysis is
shown in Fig. 3.14 ((a) and (b), respectively), where N, is the uniform acceptor

concentration in the silicon layer with thickness equal to tg; to is the equivalent
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gate dielectric thickness and L is the channel length. The transistor is symmetrical,
with both gates connected together at V.

(@)

Na Slicon Layer

(b)

I I
I I
3 b 3
I I

<«——— GateLengghL———»

Fig. 3.14. (a) 3D representation of the DG structure; (b) Simplified schematic view of the
DG used in simulations

As a reminder (see chapter 2, section 2.5.2.2), the drain and gate spectral densities

and the correlation matrix are given by:
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i2 1|_2 I gg ) S av (3.66)
s, =it = I J svavr-awna| EWs o @en
g L v, gv) -
JW FIf 9.(V)
S. dv 3.68
- CVIUQ(V)(Q(V) QV)) Jg(v) (3.68)
where
9 (V.E) _ g(V,E)
g(V,E) o(V.E)+ og(V.E) _ (3.69)
oE
and the corrected length L. is given by:
) j g.(V)av
L= [Fedk=L (3.70)
o 9 j g(V)av

5 (x)-akr, ST

I"

(3.71)

In order to calculate the integrals with respect to the potential in egs. (3.66-
3.68), we will obtain a relation between the mobile channel charge Q and the
channel potential V at each channel point x. The electric field at the surface of the
silicon layer Eg is calculated using Poisson’s equation. The following expression is
obtained for Es as a function of the potential at the surface, ¢s and at the center of

the layer ¢y:
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I
E, =2t (—¢S;¢°]+ 1—e[ “ J e * (3.72)
t

where ¢ = KT/q is the thermal potential, k is the Boltzmann constant; q is the
electron charge, T is the temperature in K, &g is the silicon dielectric permittivity

and ¢ is the Fermi potential.

A. Cerdeira et al. [Cerdeira-2008], using a detailed numerical calculation,

found an empirical expression for the difference of potentials ¢, —¢, as a function

of the potential difference V-V . The surface electric field is analytically

calculated using the Lambert function. The charge carrier concentration g, along
the channel Q normalized to C¢ is determined through the following relation

with the surface electric field at each interface:

_ 85 Es _ qb
d, cs 2 (3.73)
with
_ AN,
A, ) (3.79)

where tg is the silicon thickness and C, is the oxide capacitance, Co,=eunltox.

For the typical operating voltage range in this type of transistors it can be
shown that [Cerdeira-2008]:

1 1
dv =—4¢, {1+— + }dqn (3.75)
qn qn + qb
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Using eq. (3.75), the channel charge can be integrated. Then, the drain
current taking into account the velocity saturation and short channel effects is given
by (37) in [Cerdeira-2008].

V,

T 2WuC ¢ |- +
I, = I g(V)av = ’ULOX¢1 {qsqu +2(qs—qD)—qb|nM} (3.76)

0 e D qb

where gsand gp represent the normalized charge g, evaluated at the source g,(V=0)
and at the effective drain voltage g.(V=Vpes) respectively, and Le=L-AL, where AL
is the channel length modulation in the saturation region given by eq. (36) in
[Cerdeira-2008]. The mobility is given by a more generalized form of eq. (3.48),

as:

[H(EJ"] 3.77)
EC

3.6.2 Compact Expressions

Conventional compact models use the mobility-longitudinal field relation (see eq.
3.77) with p=1, however, for an accurate description of the velocity saturation we
will use p=2, as used in the SDDG model. Using the mobility model from eq.
(3.77) with p=2, we obtain the following expression for the channel per unit length

conductance:

WQu, %
\/1+(E/EC)2 \/1+(E/EC)2

g(v) = (3.78)
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with

Y% :VVQ(V)IUU = 2WC0x¢t:qun(V) (3-79)

From (3.69) and (3.71), we obtain:

gc(\/):g(\/)-(1+(E/Ec)2):go 1+(E/E)’ (3.80)

The heating effect of the electrons plays an important role in the study of
the noise in deep nanometric devices. In order to investigate this effect, we start
from the case where there is no heating effect, and the noise temperature is equal to

the lattice temperature. Thus, we have:

g.MT 2
Z " n_14+(E/E, 3.81
g(v) T, ( ) (380
4kT % (9. T 4KT 2 4KT %
=12l gz(—T—Jdv = [ gaV =T @WaCg) [ddv (382)
D™c Vg g L D ™c Vg D¢ Vs

According to C.H. Chen et al. [Chen-2002], the contribution of the velocity
saturation region to the output noise current is negligible as the carriers in that
region travel at their saturation velocity vg and they do not respond to the
fluctuations of the electric field caused by the voltage noise in that region. Thus,
the integrals (3.66-3.68), and (3.70) must be integrated up to the saturation channel
voltage or the effective voltage [Cerdeira-2008] Vpe and L in (3.70) must be
replaced by L. in short channel devices to take into account the channel length

modulation effect.

Substituting the expression of dV (3.75) in (3.82), the following compact

expression for the drain noise spectral density is obtained:
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4KT,
S, =5 (WL Coh ) F (3.83)
where
q *
F=-¢ [?”— q: —q,0, + ¢ In(q, + qb)} (3.84)

9s

Substituting (3.77) in the current equation, we obtain:

—1/2

B 2

I 12

9=| 9 _[EJ = (2Wu,C, )| & - ¢ | (3.85)
9 9,

gC =T : 2—1/2 :(ZW‘UOCOX¢I) 2 2 1/2

gz_(%] [o2-d] (3.86)
0 Ec
where g, is defined as:
ID

A (3.87)

- ZWI’JO Cox¢t Ec

Before evaluating the gate spectral density (3.67) and the cross spectral density

(3.68), we need to calculate the integral:
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[ 9.0 5@ ) - Qvyav -

<

= [(awWamc.aq vV )-at ] )2C, 4@ () -a, (V!

<

=2C, 4, 2V u1,C, 8, HJ A CVAET R J (3.88)

—qn(V){ fev[gv)-a]™ o ﬂ
= 2C, ¢, 2Wu,C, ¢, (A+Ba, (V)

where we have used expression (3.75) to perform a change of variables to integrate

with respect to the normalized charge qy.

Aand B are defined using the functions gs and gp as:

3

q 1 2
A=—¢ {-Wln(qnmm(qi-q§)1’2(§q§+§q§+qn-qb)
3 2 2 2 2\1/2 2
% 2q, - 29, - 2(9, +9,)9, +2(q, -4,) " ((d, +a,) (3.89)
(@ - \-2(q,+q,)q, + 0 - o))"

+(a+ ) In(g, + (o -a2)") ]

1 1
B=4¢, [[Eq” +2j(q§ -g))” +(Eq§ —quln(qn A CR

2

N 9,

+W|n(qn +qb)—Wln(2qs -2q§ —2(qn +qb)qb + (3.90)
b la I a

2(ch - 60)"* (0, +6,)* - 2(0, + 6), + 0 -4)") |

Using (3.88) the following compact analytical expressions for (3.67) and
(3.68) are found:
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5, -2 f{fg(\/)(@(v) Q(V))dVJ 95_(\(\/’))5,(1

o IDLc Vs
C()ZWZ Yo 2 2
o T(2WpCotr ) (2C,4)'| [ (A+Ba,V)) g (V)
D¢ Vs
_ oW = 4KT, (2W,C Wy, C, 4) (2C. ¢ ) (3.91)
- |5L ( Hy ox¢) ( Hy 0x¢1) ( ox¢t) ’

D

( [ (A+Ba,0) qi(\/)va

AW o[ 2 2
ast 4KT_(2W1,C, 8)" (2C,.4,) [J(A+ Ba,(V)) qn(\/)dVJ

D

where

(A+Bg, () COVIAV = A* [ G2 (V)AV +2A8 | V)V + B [ ¢ (V)av

L T—

V. v V. (3.92)
= A’C+2ABD + B’E
and the functions C, D, E are defined as:

9%
C= Iq V)adVv =4 |:q_+q -0, + 0 In(qn+qb):| (3.93)

ds

% q 29 q *
D=[q(V)av = —47”7“— >0, +0,9, — g, In(q, +qb)} (3.94)
V.,

9s

4 9o

V; 5

¢ 1

E=[a(V)av = —ﬂ{q—;%—q—;q;’: =00, ~ 80, + 6, In(q, + qb)} (3.95)
V,

As

The cross noise spectral density is calculated by:
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L

D¢

- ‘”ij(jg vV )QW ) - Q(V))dVJg Vs V]
9)

W
R

D¢

C,4(2C.4,) | (A+Bq,(V)) g, (V)dV (3.96)

Sy I—

oW
- JS—L24|<TL (2N uCo8 ) (2C,4)

D¢

(A+Bq,(V))d (V)dV

S I—

where

(A+Bq,(V))g:(V)adV = A_f o (V)dv + Bf o’ (V)dv = AC+BD (3.97)

Vs Vs

S —_—

Finally, the gate and cross spectral densities are given by:

o' W’*
S, = o AKT(@WuC.ig)" (2C,9, )’ (A°’C+2ABD + B’E) (3.98)
D¢
oW
- L akT (2W,Coh ) (2C,8, ) (AC + BD) (3.99)
D¢

These expressions depend on the drain current Ip, and expressions A, B, C, D, E
which are functions of gsand gp. The length L. is given by expression (3.70). Using
(3.78) and (3.85-3.86), L. is given by:

B
L =L— (3.100)
G

where
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G =¢tT(QE —QZ)UZ (1+i+ - qun =

As qn qn+-qb

1 1
¢ KE a, +1) (0 —q2)”* —qu In(q, + (o —a)"?)
) (3.101)

+ q;)l,z (In(-262 + 2(-2)* (¢ — ©)**) = In g, ) + G¥* — ¢, In(g, + G?)
_qa

_(qZ _q2)1/2 o
b a

-(In(2q; - 202 - 2(q, +,)q, +2(q; - &2)"*G*) - In(q, + qb))}

Us

and

2

G =(9,+9,)°" -2(q,+0,)q + 0 — 0’ (3.102)

However, if we consider the heating effect of electrons, then the noise temperature
is no longer equal to the lattice temperature, but to the electron temperature

(T,=T). In this case, eq. (3.81) must be replaced by:

gg°—(\(\//))1—:=(1+(E/ E)) (3.103)

where the electric field can be expressed as a function of the normalized charge g

(9./q,)

(E/E) =
1-(q,/q,)’

(3.104)

Using eq. (3.194-new), the drain, gate and cross noise spectral densities
can be analytically obtained, following the same procedure as the non-heated case.
The new expressions for A, B, C, D, E and F when the heating effects are

considered are:
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1/2

A=-¢[-q5 1 (a -92)"* In(q, +d,) + (a7 - o)
(q /3+2q /3+q -q)+ 0 /(9 -¢)"”

(3.105)
In(29; - 20 - 2(q, + 4, )d, + 2(q - 92)"*((q, + )’
-2(9, +9,)a, + 0 -92)"*) + (0 +95) In(q, + (g7 - A)")I¢
B=g[(q,/2+2)(c-0))"* +(cl /2-q,)In(q, +(q -2)"™)
+0 /(g -a2)"* In(g, +0,) - o /(g5 - a2)" In(20; - 20 - (3.106)

2(d, + 60, +2(0; - 62)"* (0, +,)° - 20, + &), + G -9)"*) |
C=—4[1/30; +q: - 9,0, +0q, -} / (24, - 20,) In(q, + )
+0; / (29, -29,)In(q, +d,)q, - 20; / (24, - 29,) In(q, +1,)
+0; / (26, - 29,)In(q, +q,) +1/(q; - &;)q, In(q, +4,) (3.107)
+0, / (29, +20,)In(q, -0,)q, +a; / (24, +2q,) In(q, - ,)d,
+20 (20, +24,)In(q, -q,) + & / (24, +24,)In(q, -9,) ]

D =—¢,[1/4q; +2/3q} -1/ 2¢0q, +1/ 2q}q]

+050, +202q, +; / (29, - 20,) In(q, +d,)q, - 9; / (24, - 29,) In(q, + d,)d,
+0; /(d, -9,)In(q, +d,) - o / (29, - 2q,) In(q, +9,) -1/ (q; - &Z)q;

In(q, +4,) +d; / (29, +29,) In(q, -0,), + 4. / (20, +29,) In(q, - ,),
+20;/(20, +29,)In(q, -q,) + ¢; / (20, +2q,) In(q, -q,) |

(3.108)

E =—¢[Ll/50; +1/2q; -1/30,q, +1/3q.q; + ;0]

+1/ 20,6, -4;0,9, + .4, - 6, - 9 / (2q, - 2q,)

In(q, +9,)a, +d; / (29, - 20,) In(q, +q,)q,

-20; /(2q, - 2q,) In(q, +9,) +9; / (29, - 20,) In(q, + )
+05 /(g -92) In(q, +6,) +: / (20, +24,) In(q, - q,),
+9; / (29, +249,)In(q, - 9,)q, +2q; / (20, +2q,)

In(q, -q,)+9; / (2q, +2q,) In(q, - ,)I¢

(3.109)
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F=—¢[1/3q; +q; - 9,0, +d, —d, / (-2, +2q,) In(q, +,) +
29:/(-29, +2q,)In(q, +9,) - . / (-2, + 2q,) In(q, +0,)q,
-q; /(-2q, +2q,)In(q, +q,)q, +d; / (20, +2¢,) In(q, -q,) +
9./ (29, +24,)In(q, - 9,)q, +20; / (20, +2,) In(q, - q,)

q:/ (29, +29,)In(d, —0,)a, — G, / (~0 +0Z) In(q, + )]

(3.110)

According to several authors [Deen-2006], the velocity saturation effect
only contributes to the total noise in the linear part of the channel. It was
successfully shown by M.J. Deen et al. [Deen-2006] that the contribution of the
velocity saturation region to the output noise current is negligible as the carriers in
that region travel at their saturation velocity v and they do not respond to the
fluctuations of the electric field caused by voltage noise in that region. This
argument has been the basis of most of the channel noise models published. In the
saturation region of the channel, we can expect that T, will be higher than the
electronic temperature (T), but these noise fluctuations are not collected at the
terminals. For this reason, for the integrals involved in eqgs. (4.35-4.37), the upper

limit Vp must be replaced by Vpse: (See eq. 4.49) in the saturation region
(Vo> Vossar)-

3.6.3 Results and Discussion

Although the spectral densities (3.83, 3.98 and 3.99) allow circuit simulators to
analyze noise performances, in order to compare different devices, some noise
models have been proposed in the literature for MOSFETS. Following Van der Ziel

notation [Ziel-1986], the drain current noise spectrum density is expressed as:
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S, = 4kTL Guso? (3.111)

where 4KT, gag iS the current noise spectrum associated to a conductance gug at
temperature T,. In the case of a MOSFET, however, since a channel conductance
Oas depends on a bias voltage, gqs is fixed to the value obtained when Vps=0
(9es0=9us(Vps=0)). The noise excess factor y is used to evaluate the characteristics of
the thermal noise. For Vps=0, y=1 due to the fact that the channel acts like a
conductance of value gug. In the case of long channel, it has been found
experimentally and theoretically that 2/3<y <1 in a linear region and y converges to

2/3 in the saturation region.

As mentioned above, the physical origin of the induced-gate noise (Sé) is

the capacitive coupling of the channel conductance to the gate capacitance. Based

on this assumption, van der Ziel derived a simple expression:

2
oC
Sig =4KT g, 8, g, =Q (3.112)

where Cg is the gate-source capacitance. The expression is valid in the saturation
region for frequencies below 1/3 of the cut-off frequency fr and this frequency
range is sufficient for most real applications of the device. Theoretically, the gate
excess noise factor, B, tends to 4/3 and the imaginary part of coefficient Im(C)

tends to 0.4 in saturation for the case of long channel.

In order to verify the compact expressions presented in the previous
section, we have compared the drain and gate current noise spectral densities, and
the imaginary part of correlation coefficient calculated using the segmentation
method and the compact model SDDG. Figures 3.15 and 3.16 show the results as a

function of gate voltage and drain voltage, respectively, for a long channel (L=1
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um) case using a constant mobility without transversal degradation. A good

agreement between the two methods is obtained in all the range of interest.

= 107
=
@ Drain
g 10™
< Gate
=
[&] 0 0.5 1 1.5 2
Drain Bias(V)
0.4 S —
)
g 02 Compact Modcl
®  Segmentation method
0 . .
0 0.5 1 1.5 2

Drain Bias(V)

Fig. 3.15. Comparison of current noise densities and imaginary part of correlation
coefficient as function of drain voltage calculated with the segmentation methoe)(and

compact model SDDG (—) for long channel case (L=1 um, t,=2 nm, t4=34 nm, Vgs=1V,
f=1 GHz).

For this case, Fig. 3.17 shows the drain and gate excess noise factors for the case of
Fig. 3.15 using the constant mobility model. These figures show that excess noise
parameters and correlation coefficient tend to classical van der Ziel MOSFET
theory when constant mobility model is used.

In a conventional Klaassen-Prins noise determination method, the drain spectrum

density is calculated as (3.82) with g.=g and L.=L (or the effective length L in
short channel case):
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4KT & 4KT &
S, =—+[g'(V)aV =+ [ (g2(V) - (I, /E,) v (3.113)
d IDL v, IDL Vs

o Bt

e - . Gate

10 . - Tttt
5 1 1.5 2

Gate Voltage (V)
: ‘ Compact Model :
O ®  Segmentation method | 1
S 0s5%e came ¢ |
E S‘QL‘HL‘HLJHL‘ 1
| v -y

0 . .
0.5 1 1.5 2

Gate Voltage (V)

Fig. 3.16. Comparison of current noise densities and imaginary part of correlation
coefficient as function of gate voltage calculated with the segmentation methel and
compact model SDDG (—) for long channel case (L=1 um, t,=2 nm, tg=34 nm, Vps=2V,
f=1 GHz).

Following a similar procedure, integral (3.113) could be analytically calculated as

function of gsand gp using (3.75).

Figure 3.18 compares the results obtained using the segmentation method,
the new compact analytical model SDDG and the analytical model using the
conventional KP approach (3.113) for a SDDG MOSFET with L=0.5 pm and
Vbs=2V. A good agreement between the three methods is obtained for low drain

currents. When Vgs is increased, the difference between g and gy is greater, thus
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(3.113) and (3.82) produce different results. Moreover, when the gate length L.

decreases, it differs from the effective length L.

e
y |
5 1.2}
o !
(&
2 ¥
2
clll ——
N
§ |
,40.8'
= [

06/

0 0.5 1 1.5 2

Drain Bias(V)

Fig. 3.17. Drain and gate excess noise factors as function of drain voltage for long channel

case (L=1 pm, t,=2 nm, t4=34 nm, Vg=1V).

Figure 3.19 shows the ratio between the corrected length and effective
length L/Le in saturation for different gate lengths. The corrected length tends to L
for the long channel case, but it can be up to 1.25 times higher than the effective

length for short channel cases.
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0.5

Fig. 3.18. Drain current noise density as function of gate voltage calculated using the

segmentation method, the compact model SDDG and the analytical model using

i 1.5 2
Gale Bias(V)

conventional Klassen-Prins approach (L=0.5 pm, t,=2 nm, ts=34 nm, Vps=2V).

1.4

1.35
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Fig. 3.19. Normalised corrected length L /L as function of gate length (t,x=2 nm, t4=34 nm,

Vbs=2\/)
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Fig. 3.20. Drain excess noise factor y as function of drain voltage (tx=2 nm, ty=34 nm,
Ves=1V).

The bias behavior of excess noise factors and correlation coefficient for
different channel lengths are shown in the next figures. Now, we consider
transversal field mobility degradation and velocity saturation. Figures 3.20, 3.21
and 3.22 show the drain and gate excess noise factors, and the imaginary part of the
correlation coefficient as a function of drain voltage (tg=34 nm, t,,=2 nm, Vgs=1V),
respectively (calculated by egs. 3.83, 3.98 and 3.99). These effects introduce some
changes with respect to the classical van der Ziel long channel MOSFET model.
Due to the velocity saturation effect, Vps is Smaller as channel length scales down
at high gate voltages, which results in the slight increase of thermal noise compared

to that of long channel as shown in Fig. 3.20.

This result is in good agreement with the trend determined experimentally
in single gate MOSFET [Scholten-2003]. The y factor tends to 1 for Vps=0 and its
value increases steadily with the drain bias in the saturation regime, which is
attributed to the channel length modulation effect [Chen-2002; Han-2004] through
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the corrected length L. ,the potential distribution and the related mobility
distribution along the channel [Warabino-2006]. Such increase becomes more
critical for devices with smaller channel lengths, because the channel length

modulation has larger effects for the short-channel devices.

V=1V —— L=50nm
4 —p— =100 nm
—&8— L=200 nm
3.5 O L=300nm

—&—1L=1000 nm

Gate Excess Noise Factor B

...........

Drain Voltage (V)

Fig. 3.21. Gate excess noise factor g as function of drain length (t,=2 nm, t4=34 nm,
Ves=1V).

This bias behavior has been found in experimental results for single gate
MOSFETSs [Han-2004; Warabino-2006]. In Fig. 3.21, the g factor tends to 4/3 for
the long channel case and increases with the reduction of L. Figure 3.22 shows our
simulation results of the imaginary part of the correlation coefficient. They are
slightly smaller than the value 0.4 for the long channel case, and reduce to zero at

Vps=0. This coefficient decreases with channel length reduction.
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Fig. 3.22. Imaginary part of correlation coefficient Im(C) as function of drain voltage (t,,=2
nm, t4=34 nm, Ves=1V).
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Fig. 3.23. Normalized corrected length Lc/L as function of drain voltage (t,,=2 nm, t4=34
nm, Vgs=1V).

Figure 3.23 shows the normalized corrected length L./L., which tends to 1

in linear region and increases with channel length reduction.
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MULTIPLE-GATE MOSFETS
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=500 nm
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Fig. 3.24. Drain excess noise factor y as function of gate voltage (t=2 nm, t4=34 nm,

Vo=2V).

For DG transistors with tg=34 nm and t,=2 nm, Figs. 3.24, 3.25 and 3.26 give the
drain and gate excess noise factors and the imaginary part of the correlation
coefficient as a function of gate voltage, at a fixed drain voltage of 2V. The drain

excess noise factor y increases with the gate voltage for all channel lengths (Fig.

3.24).

The gate excess noise factor g (Fig. 3.25) is found to depend strongly on

the gate voltage for short channel devices and it can exceed the value of the long-

1 1.5 2
Gate Voltage (V)

channel case considerably.

The behavior of the imaginary part of the correlation coefficient as a

function of gate voltage is the same for all channel lengths (Fig. 3.26). However it

decreases with the reduction of the channel length.
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Fig. 3.25. Gate excess noise factor g as function of gate length (t,=2 nm, tg=34 nm,
Vps=2V).
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Fig. 3.26. Imaginary part of correlation coefficient Im(C) as function of gate voltage (t,=2
nm, t4=34 nm, Vps=2V).
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For the carrier heating case, Fig. 3.27 shows the drain excess noise factor y

as a function of drain voltage, for two channel lengths (100nm, and 45 nm,

respectively). As the channel decreases, the drain excess noise factor also

decreases. When heating effects are considered, y increases by ~10-15%.

Drain Excess Noise Factor ¥

1,15

1,10

1,05 4

1,00

0,85

0,80

 with hot carrier effects
v without hot carrier effects

~— L=100nm v L =45nm

eaESSESESSEEEEEEEERaSeaaaRRaY
——
.
-
-

0.0

T
0.5 1.0 15 20
Drain Voltage (V)

Fig. 3.27. Drain Excess Noise Factor as a function of the drain voltage (t,x=2nm, Vgs=1V,

VTH:O.3V)

Figure 3.28 shows the gate excess noise factor g for the same DG device

and same bias conditions. The factor f shows an important increase with the

reduction in the channel length, about 4 times within one order of magnitude (from

lpm to 100 nm). The gate excess noise factor becomes almost constant in the

saturation region.
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Fig. 3.28. Gate Excess Noise Factor as a function of the drain voltage (t,,=2nm, Vgs=1V,

VTH=O . 3V)
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Fig. 3.29. The imaginary part of the correlation coefficient Im(C) as a function of the drain
voltage (t=2nm, V=1V, V114=0.3V)
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Figure 3.29 shows the imaginary part of the correlation coefficient Im(C)
between the gate and drain excess noise factors, as a function of the drain voltage
for the same device. In the linear bias region, the correlation coefficient is close to
0, and linearly increases with the drain bias. In the saturation region, it is almost
constant, and its value decreases with the channel length, from ~0.4 for 1um to 0.1
at 45 nm. For Vp<=0, the correlation coefficient is 0, as for this bias, the transistor

is similar to a resistor.

For a DG transistor with t,,=2nm, and a drain bias Vps=1V, figures 3.30
and 3.31 show the drain and gate excess noise factors as a function of the gate

voltage.
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Fig. 3.30. Drain Excess Noise Factor as a function of the gate voltage (t,,=2nm, Vps=1V)
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The drain excess noise factor y increases with the increase in the gate
voltage and the decrease in the channel length. On the other hand, the gate excess
noise factor g is found to reach a relatively constant value for small channel
devices (45 nm), though exceeding the values for longer channels considerably
(about 4 times higher than the same DG at 1um (see Fig. 3.25). The value of the
imaginary part of the correlation coefficient Im(C) decreases with the gate

overvoltage for all channel lengths (fig. 3.32).
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Fig. 3.31. Gate excess noise factor as a function of the gate voltage (tox=2nm, VDS=1V)

In order to estimate the noise performance, the intrinsic noise figure Fy, is

calculated using the following approximated expression [Ziel-1986]:

F. ~1+2(f 1 f)\JyB0-Im(C)’) /5 (3.114)
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Fmin Was calculated using eq. (3.114) for channel lengths between 50 nm
and 1 um at 10 GHz. The extrinsic parasitic capacitances and resistances were not
considered. Figure 3.33 shows the obtained values for the output characteristic at a
gate voltage of 1 V, varying the drain voltage. Figure 3.34 shows the calculated

values for the transfer characteristic at drain voltage equal to 2V.
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T I I
0.4 0.6 08 1.0 1.2 1.4 1.6 1.8 20
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Fig. 3.32. The imaginary part of the correlation coefficient Im(C) as a function of gate
voltage (t,=2nm, Vps=1V)

These results justified the interest of DG MOSFETS for low noise RF and
microwave application. However, in extrinsic devices (with parasitic elements), an
important part of the noise is dominated by extrinsic resistances. Then, the noise
factor is proportional to f/f.. The first approach to minimize the noise is by
optimizing f.x Using gate topology engineering with a large number of gate fingers

connected in parallel in order to reduce the gate resistance and using a Ti-Co
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silicide process to improve the sheet resistance. The second one concerns the
optimization of source/drain extensions.

20
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Fig. 3.33. Intrinsic minimum noise factor F,,(dB) as function of drain voltage (t,=2 nm,
ts=34 nm, V=1V, =10 GHz).
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Fig. 3.34. Intrinsic minimum noise factor Fp;,(dB) as function of gate voltage (t,,=2 nm,
ts=34 nm, Vps=2V, =10 GHz).
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3.7 Conclusions

Sections 3.2.1 through 3.2.4 present an extended version of a previously developed
compact dc and charge model for doped DG-MOSFETs from a unified charge
control model derived from Poisson’s equation. The quantum case is obtained
using a simple relationship between inversion centroid and inversion charge
obtained fitting numerical simulation results. This compact quantum model is
compared with numerical self-consistent Schrodinger-Poisson simulation with

good agreement.

Using this compact charge control model, DC drain current models are
derived assuming drift-diffusion and hydrodynamic transport. The RF and noise
performance of DG-MOSFETSs is analysed using the active transmission line
method from the compact charge control and drain current model. The effect of hot
carriers, channel length modulation, saturation effect, and shot noise introduced by

tunnelling gate current are taken into account.

The obtained results (Figs. 3.7, 3.8) show important differences in drain
current, fr and f.., and noise performances between drift-diffusion and
hydrodynamic models for short gate lengths. These differences are due to the
velocity overshoot increasing the transconductance, and hence, the fr and f,x. The
differences between the classical and quantum charge control models rises from the
shift in the threshold voltage and the reduction in the capacitance. These are
smaller than the differences obtained using drift-diffusion and hydrodynamic

models.

The intrinsic noise figure (Figs. 3.11, 3.12 and 3.13) depends on the

temperature model used in simulation. For a short-channel device operated in
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saturation region, noise exhibits a strong dependence on the drain bias because the
velocity saturation region, where the noise temperature is high, occupies a large
portion of the channel. Hydrodynamic models predict higher noise temperature in
this region than the classical relation between carrier temperature and electric field,
resulting in a higher noise figures. In these devices, for typical RF operating bias
points the effect of shot noise introduced by the gate current is small. The
simulated results show the limiting effect of parasitics in RF and noise

performances.

It is worth noting that experimental results from several authors [Han-
2004; Jindal-2006] for single-gate (SG) MOSFETSs of various lengths found excess
noise factors y ratios greater than 1 for very short channel devices (under 100nm),
as well as important increases of y with the drain voltage. This trend and values are
successfully reported in this work, validating the temperature model employed for

these simulations.

Section 3.2.5 presents a gate and drain noise spectrum analysis, which was
done based on a new compact analytical noise model using the compact analytical
model for Short Channel Symmetric Doped Double-Gate (SDDG) MOSFETS,
which considers doped silicon layer in a wide range of doping concentrations and
short channel transistors. We have developed a compact model for the channel
noise, the induced-gate noise and the cross-correlation noise between drain and
gate noises, based on the improved Klassen-Prins approach. This method had been
found equivalent to an equivalent circuit approach, and the impedance field
method. The expressions obtained are analytical and they depend on the mobile

charge at the source and drain ends of the channel.

The noise compact model calculations are compared with the values

obtained using the segmentation method, where the active transmission line is
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analyzed using circuital nodal analysis. The good agreement obtained between both
methods validates the analytical expressions presented. When we do not consider
transversal field mobility degradation, the values of the excess noise factors and
correlation coefficients predicted in long channel SG MOSFETSs by the Van der
Ziel model are obtained. Moreover, the compact noise model reproduces the
measured noise bias behavior for any gate length found for SG MOSFETS in the
literature, without the need of additional parameters. Therefore, the proposed noise

model is very promising for being used in circuit simulators with DG MOSFETSs.
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Chapter 4

Compact Modeling of Surrounding Gate

Transistors

4.1 Introduction

In the previous chapter, an analytical method for RF and noise modeling applied to
DG SOl MOSFET devices was presented. The model was extended to SGT
devices and its DC, RF and High Frequency noise behavior was studied by A.
Lazaro et al. [Lazaro-2008] In this chapter, the model is improved, taking into
account a novel guantum charge control model, and including effects such as

velocity overshoot through a one-dimensional (1D) energy-balance model
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[Baccarani-1999; Lazaro-2006], the effect of the saturation region, the channel
modulation length effect and the mobility degradation produced by quantum

effects.

The model is based on the concept of channel segmentation [Lazaro-2006;
Lazaro2-2006], and includes the formulation for drift-diffusion and temperature
(hydrodynamic) transport models. High frequency performances are analyzed
through the use of analytical expressions of the cut-off frequency fr and maximum
frequency of oscillation f.., and noise properties of the devices are discussed.
Special attention is paid to figure out how a DC tunneling gate leakage current, due
to the decrease of the oxide thickness, might influence the small signal properties

and the noise performance of MOSFETS.

4.2 Charge Control Model

A simple diagram showing the structure and the cross-section of the studied SGT is
given in Fig. 4.1. It can be observed that the gate surrounds the cylindrical silicon
channel. When the diameter of the cylinder decreases, the quantum confinement
effects appear, making the self-consistent solution of 2-D Poisson and Schrédinger

equations essential in a cross section of the SGT [Roldan-2008].

In order to model quantum confinement effects, an already successful
strategy has been employed [Roldan-2001; Lopez-Villanueva-1997; Arora-1995],
where the equations for the classical model version were extended in order to take
into account these effects. This was carried out by introducing a corrected oxide

capacitance and a modified threshold voltage.
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The corrected oxide capacitance was computed by determining the inversion layer
centroid, which allows accounting for the oxide interface separation of the
inversion charge distribution. This leads to a new oxide thickness, which produces
more accurate calculations in modeling devices with thin-gate oxide layers
[Roldan-2008].

The conventional definition of the inversion layer centroid [Roldan-2001;
Lopez-Villanueva-1997] was adapted to the SGT geometry. A parameter A is
defined as follows [Roldan-2008]:

fp(r)rzdr Tp(r)rzdr Tp(r)rzdr
A=2 =2 =2 (4.1)

( Q Q
{p(r)rdr Py

with p(r) being the quantum electron density given by:

2mkT " E -E

p(r)=3( ; ) Dva(r)3,,x| —=—"| Clom’ (4.2)
7\ h - KT

where q is the electron charge, k is the Boltzman constant, T is the temperature, Er

is the Fermi level, y is the wave function belonging to energy level E,, 3, is

the complete Fermi-Dirac integral of order -1/2, while the other symbols have their

usual meaning.
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Fig. 4.1. a) Cross section of the surrounding gate MOSFET; b) Simulated surrounding gate

MOSFET structure; c) a 3D schematic of a device with multiple fingers, each of them being
aSGT
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The inversion charge per unit gate length Q, is calculated in cylindrical
coordinates, assuming that the inversion charge density is not dependent on the

rotation angle:

R

Q =2x[ p(r)rar (4.3)

0

The inversion charge centroid z is calculated as:

z =R-A (4.4)

where Ris the radius of the cylinder.

In order to model the centroid data, the following empirical equation is
used [Roldan-2008]:

Lot V1PN (4.5)
z a+2bR z,{ N, (R

1 10

where a, b, z, and n are constants not dependent on the bias, and N, is the

electron density per unit area, calculated as:

Q

N =——
27Rq

(4.6)

According to J.B. Roldan et al. [Roldan-2008], the fitting parameters were chosen
as: @=0.55 nm, b=0.198, z,=5.1 nm, n=0.75 and
N,,(cm?) =8.26x10"cm™” —4.9x10°cm™ x R (cm) 4.7

Using this centroid model, a classical inversion charge model [Iniguez-

2005] has been improved, in order to include quantum effects. In the new model,
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the classical oxide capacitance was replaced by one where the capacitance of the
oxide layer is in series with the capacitance of the silicon layer, its thickness
corresponding to the value of the inversion charge centroid. The new total

capacitance is calculated as [Lazaro-2006]:

1 _ 1.1 .8
C C (')

Oxide

C

TOTAL Semiconductor

where C

Oxide

is the value of a cylindrical capacitor with the external radius equal to

R+t (tox is the oxide thickness) and the internal radius equal to R

C — gOX

Oxide 7 N
R. In(1+t°xj (4.9)
R

where ¢ is the oxide permittivity. C is calculated as:

Semiconductor

C - d

Semiconductor
(R=2z)In (1+

R-z

z j (4.10)

where ¢ is the silicon permittivity.

The starting point for the calculation is an initial guess of the inversion

charge, called Q' [Iniguez-2005], and defined as:

. 2C V? 2c v Y V.-V -V
Q =C,, | —> +\/( oude 1 j +4V7 In® (l+ exp[ujj (4.11)
Q, Q, 2V,

where V, =KT /q, V is the gate-source voltage, and V is the channel potential

(V=0 at the source).
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The expressions for V. and Q, are the following:

_4€Sk_T
R q

Q, (4.12)

2

an
kTe

KT 8
V0 = ¢MS +F|n (Wj , and 0 = (413)

S

where n is the intrinsic carrier concentration, ¢, is the metal-semiconductor

work-function difference.

The threshold voltage Vv, and AV,, are calculated, noting that a quantum

threshold voltage shift is introduced in the \, calculation:

V., =V, +2V, In (1 + 3} + AV, (4.14)
Q
and
( 2CTOTALVT2 j Q
V! (4.15)
T™H — g
(@+Q)
where

1.3x107°V x cn?
AV =001V + =% xem (4.16)

TQM R2

It is interesting to highlight that if C, in (4.15) and

OTAL

it substituted for C__,

e

(4.16), the classical charge control model is recovered.
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Fig. 4.2. a) Normalized channel charge (Q/2zR) of an SGT for several values of R, at room

temperature (N, =10°cm” and t_=1.5nm); b) Normalized channel capacitance (C/2zR) of

an SGT for several values of R, at room temperature (N, =10°cm” and t_=1.5nm)

Finally, the total charge Q is obtained:

2CTOTALVT2 2 LAV
Q=cC RSN @ T (4.17)
V-V, +AV, -V
2V,

T

2

In"| 1+exp
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Using this model, some simulated results for the normalized channel charge

(0/27R) and normalized channel capacitance (C/2zR) are presented in Fig. 4.2.,

using the following technological parameters: N, =10“cm™ and t =1.5nm.

4.3 Drain Current Model

In extremely short SGTs, the channel is quasi-ballistic, thus an important velocity
overshoot is expected [Baccarani-1999]. Using a simplified energy-balance model,
the electron mobility is a function of the electron temperature related to the average

energy of the carriers.

In this section we extend the transport model previously developed for
DG-MOSFETs [Lazaro-2006] to the SGT case. Following G. Baccarani
[Baccarani-1999], and A. Lazaro [Lazaro-2006], the drain current in the linear

channel region (x<L,) can be obtained as:

V,

Dsat

W [ 4,Q(V)av

e

where L. is the effective channel length, 1, is the electron mobility as a function

(4.18)

of voltage, k is the Boltzmann constant, T, is the electronic temperature and the

energy-relaxation length is defined as A, = 2v_,z,, % being the energy relaxation

w!

time, and v the saturation velocity. In the case of SGTs, for scaling purposes and
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for comparison with other MOSFET structures, W can be assumed equal to

W=n 27R, n

fingers

ingers DEING the number or cylinders (fingers) in the structure.

In order to evaluate eq. (4.18), we first integrate the charge density from
eq. (4.17) between Qs and Qq (Q=Q:s at the source end and Q=Qy at the saturation
point or drain end), and obtain [Moldovan-2007]:

Vv,

DSsat

F (Vos Vo) = _[ H,,QV)dV

) 0O 0 +0 (4.19)
T C-Qi kT +

~ » 2___ . —Q, S d 0 0|0 d 0
”{ g @ W) e O Q{QJQOH

OoX

At large inversion densities the ultra-thin film mobility can be higher than
heavily doped bulk MOS devices due to a lower effective field, and it is largely
insensitive to the silicon thickness (tg). Thus, the common expression for bulk
devices is not longer valid. However, at small inversion densities the mobility is
reduced for decreasing tg [Esseni-2003]. This reduction in the mobility is caused by
the increase of the surface roughness scattering (the two interfaces are closer) as
well as phonon scattering due to the reduction of the quantum well formed by the
thin Si layer between the oxide layers. We suggest using the method given by V.P.
Trivedi et al. [Trivedi-2004] and S. Reggiani et al. [Reggiani-2007], originally
proposed for DG MOSFET devices. The effective vertical field Eg reduces the
effective mobility given by Trivedi [Trivedi-2004]:

Ey ~—2 (4.20)

483

and
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Y7,
Hoo(ts By ) = :
1+ Hy Honeouk) 1 +9h (4.21)
luph(bulk) Iuph(tsvew) /us

where effective x, and @ are fitting parameters, and the effective normal field is

given by (4.20).

Note that eq. (4.21) takes into account the dependence of mobility with
silicon thickness due to the variation with ty of the distance between the inversion-
charge centroid and the surface. The model (4.21) uses the lowest subband of the
Schrédinger-Poisson equation to calculate the phonon limited mobility. The

screening mobility is modelled as in conventional devices using the effective field
(ysaE;f). Although the model is derived for DG MOSFET, we expect that it

could be used for SGT because the type of confinement in SGT and the shape of
the first eigenfunction are qualitatively similar to DG devices. In order to use eq.
(4.21) for SGT MOSFETSs, we use ts=2R and replace the effective thickness tg «
with 2R, obtained from the centroid z (4.5).

In order to evaluate the integral in the denominator of eq. (4.18), we need
to know the temperature profile along the channel. The electron temperature T, is
governed by the following equation [Baccarani-1999]:

dT, +Te—T0 _a

o 2 P E.(X) (4.22)

w

Equation (4.19) can be integrated assuming a constant A,, under boundary

condition T, (x=0) =T, and the x-component of the electric field expressed as a

function of the channel potential, E_(x)=-dV (x)/dx. As an approximation, in

the linear channel region we can assume that the lateral field is linear from a small
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value at the source end to the saturation field at x=L. (E, = E_, - X/ L_). Using egs.

(4.19) and (4.22), we obtain:
W (Vos: Voss) _ ﬂ f (Vs Voss)

IDS'_

L le L. 1+yV
Le+q—ajV(§)e‘*~ de VnVbss (4.23)
2k |
where
Hes 1
Tn= 4.24
Vol (24, L,) (429

with Vpss equal to Vps for non saturated channels (Le=L) and Vpss=Vpssar fOr

saturated channels. A smoothing function is used to interpolate Vpss:

Injl AV, -V, /(KT /
VD$=VDS—I% n{1+exp] (\/DSA bssa) | (KT 1 )]} (4.25)

where A is the adjusting parameter that controls the transition between saturated

and non saturated channel (A=1 for a smooth transition).

The value of Vpse can be found by equaling the drain current given by eq.

(4.23) with the current in the channel saturation point:

I DS = \/VQ(VDSEaI )Vsat‘ns (4'26)

where the overshoot channel velocity v ns i calculated from the expression:

Het

Vi ns = ra(D-T) E.(x=1L) (4.27)

with

2k
a = A%O

av., (4.28)
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Note that the conventional drift-diffusion model is recovered if A, is set to 0, then

non-stationary saturation velocity v ne. 1S €qual to stationary value ve.

Channel length modulation should also be included. For Vps<Vpss, the
device works in the linear region, with Le=L and Vpswx=Vbs FOr Vps>Vpssa, the
device operates in the saturation regime, and the channel is partially saturated, and

the saturated channel length is given by:

E_L

sat —C

. VsV,
AL=L-L, =L, arcsin h(MJ (4.29)

where L.=a-A is proportional to the characteristic length A. given by J.P. Colinge
[Colinge-2004]:

A =

C

+

tR R
Fston ~ (4.30)

gOX

4.4 RF and Noise M odeling

In order to model the noise in the SGT structure presented in Fig. 4.1, several noise
sources must be considered. The first one is the thermal noise due to parasitic
access resistances Rg, Rs and Rp. which is easily modeled using the Nyquist
theorem. The other noise sources come from the intrinsic transistor. The intrinsic
contribution is modeled using two correlated current noise sources, iy and iq
(admittance representation). They include the effect of the diffusion noise and

flicker noise in the channel, induced-gate noise and shot noise.
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Fig. 4.3. Small-signal and noise equivalent circuit for a channel slice between x and x+4x.

An equivalent noise source i,(X) has been introduced to model the channel noise.

Let us consider a nonuniform channel as shown in Fig. 4.3. According to
the segmentation method, the channel is split into several slices, and the small-
signal and noise sources can be derived from the basic semiconductor equations.
The local equivalent circuit for each channel slice is composed of the gate-to-
channel capacitance, the transconductance and the channel resistance (or
conductance). Diffusion noise and gate shot noise can be incorporated into the
model by adding two more noise sources for each slice. The local equivalent circuit
elements can be obtained from linearizing the current at any channel position X,
resulting in and the following current continuity equation:

1(x) = g(V,d—Vj-ﬂ (4.31)
dx ) dx

where g =W uQ is the channel conductance per unit length, and W, x4, Q, are the
channel width (W=2zR), mobility and inversion charge density respectively. The
mobility depends on the electric field E=-dV/dx and g depends on the channel
potential V(x) and the dV/dx.
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We consider here a drift-diffusion model, where an analytical relationship between
Te and the lateral field E(x) must be used. A prevalent model in literature
[Moldovan-2007] describes the electron mobility as a function of the temperature

as:

TL
s = Ho T (4.32)
The mobility can also be expressed as:
Hy

L“( E j J (4.33)
EC

Equating (4.32) and (4.33) and solving for T_/T, we obtain:

E 2
T,.=T, [1+ [E) ] (4.34)

For the typical values of the inversion carrier density in the inversion layer, we can
consider that the channel is not degenerated, and the velocity distribution is heated
Maxwellian. Under this assumption, following J.P. Nougier et al. [Nougier-1977],

the noise temperature T, becomes equal to the carrier temperature Te.

The analysis of the active transmission line (Fig. 4.3) using the admittance
method gives the small-signal admittance matrix and its noise correlation matrix
[Lazaro2-2006]. For the compact modeling of the noise, three methods are usually
applied: (1) and equivalent circuit approach, (2) the impedance field method or (3)
the Langevin or Klaasen-Prins (KP) method. A.S. Roy et al. [Roy-2006] show that
these three methods are equivalent and the same final expression for the current

noise densities and correlation coefficient is obtained. Thus, the compact modeling



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

methods could be considered as an analytic analysis technique of the active

transmission line.

Assuming that the local noise source is spatially uncorrelated and @ is the
angular frequency, the drain and gate spectral densities and the correlation matrix

are obtained using the following expressions [Roy-2006]:

1 Rg (V)
S. =iy =—7) S dv 4.35
i IDLcV{ o) (4:39)
s, =i SWZ IU 0,V )(QW ) - Q(V))dVJ LAGIS (436)
! D c Vg \ Vs aVv)
=i A jg V@) -owpav: | @37)
loLe 3, ov)
where
0o.V.E) _ gV.E)
9vV.BE) g, E)+89(V E) e (4.38)
and the corrected length L. is given by:
L fo.mav
L= Fa=re (4.39)
o 9 j gV)av

From eq. (4.39), L. can be considered as effective or corrected length of the
channel in order to take into account the degradation of mobility along the channel

due to velocity saturation.

The power spectral density for the local noise source is given by:
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909 T,

S (X) = 4KT
: “g.(0 T,

(4.40)

4.5 RF and Noise Smulations

In this section some simulated results will be obtained using the previously
presented model. First, the DC drain characteristics are obtained. Figure 4.4a and
4.4b shows the drain current characteristics for a 50 nm gate length SGT (R=5 nm,
tox=1.5 nm, VesVmy=0.5V, 0.75V, 1V, 1.25V) calculated with the above described
model. In Fig. 4.4a the temperature model is used, whereas Fig. 4.4b presents

results obtained using the drift-diffusion transport model.

Cuanhum Charge Control

—— Cunrtum Charge Central| R
T 1 gl =~ Csical Chorge Conmrel| - -

1 = =Clasaies] Charge Contral

@ ()

Fig. 4.4. Drain current characteristics for the temperature model (a) and Drift-Diffusion
model (b). Quantum charge control (solid line) and Classical charge control (dashed line).
Gate length L=50 nm, Vgs-V14=0.5V, 0.75V, 1V, 1.25V
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The effect of velocity overshoot translates into an increase (about 25% higher for

this gate length) in the drain current and transconductance.

Figure 4.5 presents a comparison between measured data from S. D. Suk et
al. [Suk-2005] and simulated normalized drain current (Ips) versus the diameter of
the cylinder (Vgs=0.8V, 1V, 1.2V, 1.4V). The device is a SGT MOSFET with R=5
nm, t,=3 nm and gate length L=30 nm. A good agreement has been obtained

adjusting the constant o in eq. (4.38), by using pg=847 c?/\V*s,

Figures 4.6 and 4.7 compare the fr and f, calculated with drift-diffusion
and hydrodynamic models for a SGT (R=5nm, Vgs—V1=0.5V, Vps=1V).

s @ &
5 Vg 14V
4 ~
R V=12
. 5
I V=Y
a a'l
- -t N
- V=08V
. . L L . . ]
04 06 08 1 1.2 14 16

VgV

Fig. 4.5. Comparison between measured and simulated normalized drain current versus

diameter, using the temperature model (solid line)

Due to the overshoot effect the values of fr and fr. are considerably higher

in the temperature transport model. Small differences have been shown in fr



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF THE RF AND NOISE BEHAVIOR OF MULTIPLE-GATE MOSFETS
Bogdan-Mihai Nae

DL: T.

1456-2011

between classical and quantum charge control models. This is due to the fact that fr
depends on the ratio g./Cg, Where the numerator and denominator are affected in
the same magnitude for the channel capacitance. Thus, except for the threshold
voltage shift, the channel capacitance reduction due to quantum effect is not
appreciable in fr. However, the differences in f.. between the classical and
guantum case are more important due to the differences in the intrinsic resistance
and channel conductances. For shorter gate length the overshoot velocity effect,
taken into account in the temperature transport model, increases the

transconductance and, as a consequence, the value of fi .

_Ir' for Ouamu;n Temperature Modal
— ~f, for Classical Temperature Model
400+ "-.\ —w=f_,, for Quantum Temperature Model |
——{_,, for Classical Temperature Model

Frequency (GHz)
a
g

50 53 50 3 o
Gate Length (nm)

Fig. 4.6. Transition frequency fr and Maximum Oscillation frequency f.. as a function of

gate length, for temperature model. Radius R=5 nm, Vgs-V14=0.5V, Vps=1V

Changing to a current-current representation, the noise sources, and their

correlation are written as a function of parameters independent of the frequency R,
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P, C, the intrinsic gate-to-source capacitance of the device, Cg, and the room
temperature T,

<is >=4KT,RC. w°Af | g, (4.41)
<if >= 4KT Pg, Af (4.42)
Im <i i >
I T a— (4.43)
<il><if>

An accurate knowledge of P is important because it characterizes the channel
noise. The correlation is essentially imaginary because of the capacitive coupling
between the channel and the gate. Here C is the correlation parameter.

——f, for Cuanturn Drift-Diffusion Model
— ~f for Classical Drift-Diffusion Madel

. - .
200 “-.._“____ T~ ) =15 for Quantum Crift-Diffusion Model
. -
-, — w1 for Classical Dift-Diffusion Model
s -
180} e DI
~zw
-
_ - Tw
g0 T
A BN TRy
z Ty
5
g_ 140—.. -
¥ . .
120 T -
100 T T~
L . 1 L . L L | J
%0 35 40 45 56 0 65 70

50
Gate Length {nmj

Fig. 4.7. Transition frequency fr and Maximum Oscillation frequency f,.x as a function of
gate length, for drift-diffusion model. Radius R=5 nm, Vgs-V11=0.5V, Vps=1V

For a typical low noise bias point, the shot noise due to the gate tunneling
effect can be neglected compared to diffusion noise [Pailloncy-2004]. Then, the
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minimum noise temperature including parasitics can be written as a function of

correlation matrix elements [Danneville-2005]:

f
T.. =2T, f—\/PR(l— C)+(P+R-2C+ PR)(Rg +R)g, (4.44)
T
Figure 4.8 shows the intrinsic and extrinsic noise figure for SGT (R=5 nm, t,,=1.5

nm, V=1V, Vg-Vry=0.5V) at 10 GHz calculated using the drift-diffusion and

temperature models.

al

02 T
— Cusantum Temperature Model
—¥— Cuantum Drift-Diffusion Model
—#—Classical Temperature Model
—i—Clagsical Dift-Diffusion Model

0.15

0F

NF_ (d8)

0,05 .
et

% * 40 a5 ) 3 0 (3 70
Gate Langth (nm)

k)

0.35

Quantum Temperaturs Model
—w— Ouantum Drift-Diffusion Model
= Classical Temperature Mo del
—#—Clagsical Drift-Diffusion Model

0.3

(B}

0.25

Il"‘F:-:n

e
-
02 —
I

30 35 40

50 58 60 65 T
Gate Length (nm)

Fig. 4.8. Intrinsic (a) and extrinsic (b) Minimum Noise Figure NF,,;,(dB) as function of gate
length. Radius R=5 nm, Vgs-V11=0.5V, Vps=1V

From this figure some conclusions can be drawn. First, a lower noise figure
is always achieved when quantum effects are taken into account. Second, for gate

lengths smaller than 45 nm, lower noise figure values are obtained using the
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temperature model. This fact is a consequence of higher fr and f.y Since around
these gate lengths velocity overshoot compensates the higher intrinsic noise due to

larger P values obtained using the temperature model.

0.5 T T

Quanhmun Temperature hodel
0.4 H e (uanhun Drift-Diffozion g
== Clasacal Tenperature Model g

o
O3 —a—(Tassical Drifi-Diffision e e

NF ()

L]

—— (manbun Temperntire Modd

—v— {mantun Drift-Dithision . E_;qﬁ"g

\H —— tacsical Teagperatue Model
—a—Classical Duifh-Diffiesion

] 50 ]
Frequency (CHz)

Fig. 4.9. Intrinsic (a) and extrinsic (b) Minimum Noise Figure NF;,(dB) as function of
frequency. Gate length L=50 nm, Radius R=5 nm, Vgs-V14=0.5V, Vps=1V

The frequency dependence of the noise performance is also studied, as
shown in Fig. 4.9. For a 50 nm gate length the intrinsic minimum noise figure is
better for the temperature model than for the drift-diffusion model. Following eq.
(4.44), the frequency slope of the minimum noise temperature depends on the
parasitic resistance and the fr, resulting in an important contribution of parasitics in
the high frequency extrinsic noise. The difference between drift-diffusion and
temperature transport model increases when the extrinsic (with parasitics) noise

figure is considered, due to the difference in fr between the two models.
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4.6 Analytical Determination of Drain and Gate Noise Spectrums

In this section compact expressions to model the drain and gate current noise
spectrum densities and their correlation for SGT MOSFETs are presented. We
apply the model previously developed for DG MOSFET devices [Lazaro-2006] to
the SGT case and obtain the charge and current expressions. The compact noise
model will be applied to analyze the noise performance of SGT devices and some
trends related to the downscaling variations will be provided. Also, the noise

properties of the devices will be discussed.

4.6.1 Chargeand Drain Current Models

In order to compute the drain current, we need to determine the charge
carrier concentration along the channel. To this end, we define the charge g, as the

charge Q given by eq. (4.17) and normalized to C_g, :

_Q
qn B COX¢t (4.45)

For the typical operating voltage range in this type of transistors it can be shown
that [Iniguez-2005]:

dv = -4, {1+i+

} da, (4.46)
qn qn + qO

where qp is the normalized charge Qo given by eq. (4.12):
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q, = 2 (4.47)

COX ¢t

Using eq. (4.46), the channel charge can be integrated. Following the
procedure given in [Nae-2009], the drain current taking into account the velocity
saturation and short channel effects is given by:

__VV/Qﬁ(:m¢f
P 2L

e

+
{(Cﬁ —qp)+4(0s — o, ) + lnu} (4.48)

o T %

where gsand qp represent the normalized charge g, evaluated at the source g,(V=0)
and at the effective drain voltage g.,(V=Vpes) respectively, and Le=L-AL, where AL
is the channel length modulation in the saturation region given by eq. (25) in [Nae-
2009].

The saturation voltage is obtained in eq. (4.48) to the current at saturation

point, 1. =WC dq,V, ., solving for the charge at saturation point

Osat=0n(V=Vpssat). From Qsy, the saturation voltage Vpss is €asily obtained from:

VDSsal =VGS _Vo _¢tqwl _¢l In (qw /qO)_¢t InL+ Ot /qo) (4.49)
The same function that was introduced by B. Nae et al [Nae-2009] to interpolate
Vbss is used in this model. The effective mobility is given by:

Ho
2
1{ JAYAS j (4.50)

Lv,

Her =

where g is evaluated at the source end of the channel using eq. (4.21).
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4.6.2 Compact Noise Expressions

Following the procedure proposed by A. Lazaro et al. [Lazaro-2009] for DG
MOSFETS, in this section we will derive the compact expressions for the drain and
gate current noise spectrum densities and their correlation of SGT MOSFETSs. In
order to have an accurate description of the velocity saturation, we used the
relationship between the mobility and the longitudinal electric field given by eq.

(4.33), obtaining the following expression for the channel per unit length

conductance:
WQg, 9,
9(v) = - == - (4.51)
\/1+(E/EC) \/1+(E/EC)
with
g, =WQ(V) 1, =WC_, 8 14,0, (V) (4.52)

From egs. (4.38) and (4.40), we obtain:

gc(\/):g(\/)-(1+(E/EC)2):gow/1+(E/Ec)2 (4.53)

4KT 8 T
S =r 9(%?] av (4.54)
D¢ Vg L

In order to investigate the heating effect of electrons in the gradual region
of the channel, we will consider first the case where we have no heating. If we
ignore the heating effect of electrons in the gradual channel region, namely we
assume the thermal equilibrium prevails in gradual channel region, the noise
temperature is equal to the lattice temperature, T,=T.. From egs. (4.51) and (4.53),
the following expression to evaluate the power spectral density for the local noise

source (see eq. 4.54) is obtained:
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g(v) T,
% 4kT Vo
S: = zL j ; (\NﬂoCox¢)2JQ§dV (4.56)
c Vs c Vs

Substituting the expression of dV from eq. (4.46) in eq. (4.56), the following

compact expression for the drain noise spectral density is obtained:

4kT
#.C,, (4.57)
where
q3 ¢
F=-¢ [?— . —q,0, + G In(q, + qo)} (4.58)

As

Substituting eq. (4.33) in eq. (4.31), the following relations for the conductance and

corrected conductance are found:

r 2—1/2
I 1/2
9=9, _(EJ = Wu,Cot)[ i — | (4.59)
_ 9% _ g,
gc - , ID o V2 _(WIUOCOX¢1)|:q§ _q;:lllz (460)
go - EC
where g, is defined as:
— ID
qa - (461)

Wtuocox¢t Ec

Before evaluating the gate spectral density (see eq. 4.36) and the cross

spectral density (see eq. 4.37), we need to calculate the integral:
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[ 9.2 ) -Qvyav -

= [(Wac.aa @V )-a ] ") c,d @ v ) - g, )av:

o

VS
v, i (4.62)
=C, 4 Wu,C,4 H [V [aV)-g ] av ]
VS
k: VLI IVE 2V2 '
—qM)| [V V)-a | av'||=C,4WuC,d (A+Ba,(V))
VS
where A and B are functions of the normalized charges, gs and Qp:
q 1 2
=4 {'W'”(qn +0,) +(q; - d;)" (EQE +EQ§ +q, - QO)
o %[ 2% 200200, + 6)G + 26 o)™ (4.63)
(@ -a)" (@, + )" - 2(0, + )0+ - )
%
(a2 + ) In(a, + (a7 -4 |
_ 1 2 2\1/2 1 2 2 2\1/2
B=¢|| 50 +2 (-0 +| Jd-q, In(aq, +(c: -2)"*)
2 2
(g —q((;lz)ll2 In(@, +)- qoz v2 In(2q; - 20, - 2(q, +9,)q, + (4.64)
0 a

(0 - a2)
2(cf - 62)"* (G, +6,)° - 2(0), +6,)0} + 5 - o)) |

Using eq. (4.61), the following compact analytical expressions for egs.
(4.36) and (4.37) are found:
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s =W vy —owvpav: | EM s g
| | [ 9.)Qv)-Qv)) )

Dc | Ve \ Ve

iz KL (WiCadh )" (Co) (f(m Ba,(v))’ gs(v)dv]

D Vg

2 2
a)W

T ——4KT, W,C,.8,)° (W, Cop )’ (Coth) - (4.65)

-[f(m B, V)’ qﬁ(\/)dv]

= “I’VLV AKT-Wii,Coh)' (Codh ) (f(A+ Ba,(v))’ qj(\/)dv]

D¢

where

(A+Ba, ()Y V)V = A [ G2 (V)dV + 248 [ G (V)av + B* | g (V)av

L T—

v, v V. (4.66)
= A’C+2ABD + B’E
and the functions C, D, E are defined as:
Vo 3 9%
C= fqi(\/)dv =—¢[[q—3“+ o —q,0, +q In(qn+q0):| (4.67)
Vs ds
% q 29 q *
D= qu:(v)dv :_¢t|:7n+7n 20 q2 qoq qo In(q +qo)} (468)
Vs Us

Vo 5 4 9o
E=[qiv)dv =- {q—5”+q?” q,of’q ~0;0, — 0,0, + 0 In(qn+qo)} (4.69)
Vs o]

s

The cross noise spectral density is calculated by:
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Jow | jg(v)(Q(V) awnav' |EVs gy
9)

T
o IDLc A

. VD
J

= WTWAC,4(C.) | (A B, GV @10

D Vg

L (Wi, (€t [ (A BRI

¢ A

where

Vo

[ (A+Bg,(V))g:(V)aV = Af V)V + Bf ¢’ (V)dV = AC + BD (4.71)

Vs Vs Vs

Finally, the gate and cross spectral densities are given by:

S, =al’svli/2 4KT,-Wy,C,4)" (C,4)" (AC+2ABD +BE) (4.72)
S . =12 4T, (WG, )" (ot ) (AC+ BD) (@73

[
o ID C

These expressions depend on the drain current I, and expressions A, B, C,

D, E which are functions of gsand gp. The length L. is given by eq. (4.39). Using
egs. (4.51) and (4.59-4.60), L. is given by:
B

L=L— 4.74
S (4.74)

where G is given by:
1 2 2\1/2 1 2 2 2\1/2
G=4¢ Eqﬁl (q,-qa,) —Eqa In(q, +(a, —a,) )

+W(m(—2q§ +2(-a0)"(df —q)"*) ~Ing, )+ G — g, In(q, +G) (4.75)
_qa

~(of — ) (In(2q — 20 - 2(q, +,)q, +2(cf —a))"*G*) ~In(q, +,)) |
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If we consider the heating effect of electrons in the gradual channel region, and use
the approximation that the noise temperature is equal to carrier temperature given
by eq. (4.34) (T,=T), then eq. (4.55) must be replaced by:

gc_(V)Lz(lJr(E/Ec)z)2 (4.76)
g(v) T,
From egs. (4.51) and (4.59) a useful relationship can be obtained:
/ 2
(E/E) = (qa—qn)z (4.77)
1-(q./q,)

Using eq. (4.77), the drain, gate and cross noise spectral densities can be
analytically obtained following the same steps as the case without carrier heating.

The new expressions for C, D, E and F when the heating effect is considered are:
\/ 2
F9,(v)

c=| AV =-4[1/3q, +q; - 9,0, + 0.9, - o, / (2, - 29,)-

w1-(a,7q,)

In(q, +d,)0, + 9 / (29, - 20,) In(q, + 4,)q, - 2¢ / (24, - 29,) In(q, + 9,)

4.78
+d; /(2q, - 20,) In(q, +d,) +1/ (q - o2)q; In(g, + ) (4.78)
+a. / (20, +29,) In(q, - 0,)q, + 9. / (24, + 29,) In(q, - 9,)0,
+20;/(20, +29,)In(q, -q,) + o / (20, +29,)In(q, -q,) |
D= Jaqj(V);de =4 [1/4q} +2/3q] -1/ 200, +1/ 26
v 1-(q,/q,)
+0,q, +20.q, + 9. / (2q, - 20,) In(q, +q,)q, - a. / (20, - 29,) In(q, + @,)q,
(4.79)

+q. /(q,-9,)In(q, +9,)-q. / (29, -29,) In(q, +q,) -1/ (q; -q)q; In(q, +,)
+0. /(2q, +2q,)In(q, - 0,)g, + 9. / (2q, + 29,) In(q, - q,)d,
+20] / (20, +29,)In(q, -,)+ d; / (29, +20,) In(q, -q,) |
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v,

e=Jam) = — =

v 1 (g,/q,)’
[1/5q +1/2q’ -1/3q.q, +1/3q’q] +q’q; +1/2q’q; - q.q,q, + .0,
-q,q, -d; / (2q, - 2q,) In(q, +q,)q, +q; / (29, - 29,) In(q, +q,)q,
-20, / (29, - 29,) In(q, +q,) +q; / (29, - 2,) In(q, +q,)
+0, /(q; - ) In(q, +q,) +q; / (29, +29,)In(q, - q,)q,
+0; / (29, +24,)In(q, - q,)d,

(4.80)

+2q] 1(20, +29,)In(d, - 0,) +q / (20, +29,)In(q, -q,) |7
F =—¢,[1/3¢ +0 —q,0, +¢2q, — &2 / (29, — 2q,) log(q, +9,)q,
+0; / (20, - 24,) log(q, +d, )%
-2 / (29, —2q,)log(q, +q,) +d; / (29, - 29,) log(q, +q,)
+1/ (5 —92)q log(q, +9,) + 0 / (2, +20,) log(q, - 9,)g,
+02 / (24, +20,) log(q, - a,)q, + 20 / (20, +2q,) log(d, - d,)
+0 (20, +20,)log(d, ~a,) |

(4.81)

According to several authors [Deen-2006], the velocity saturation effect
only contributes to the total noise in the linear part of the channel. It was
successfully shown by M.J. Deen et al. [Deen-2006] that the contribution of the
velocity saturation region to the output noise current is negligible as the carriers in
that region travel at their saturation velocity v and they do not respond to the
fluctuations of the electric field caused by voltage noise in that region. This
argument has been the basis of most of the channel noise models published. In the
saturation region of the channel, we can expect that T, will be higher than the
electronic temperature (T), but these noise fluctuations are not collected at the
terminals. For this reason, for the integrals involved in egs. (4.35-4.37), the upper

limit Vp must be replaced by Vpe: (See eq. 4.49) in the saturation region
(Vos> Vossa)-
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4.6.3 Results and Discussion

Some noise models have been proposed in the literature for MOSFETS. Following
the Van der Ziel notation [Ziel-1986], the drain current noise spectrum density is

expressed as:

Sldz = 4|(TL Ous0? (482)

where 4KT, gqs 1S the current noise spectrum associated to a conductance gug at
temperature T,. In the case of a MOSFET, however, since a channel conductance
Oos depends on a bias voltage, gqs is fixed to the value obtained when Vps=0
(94s0=9as(Vps=0)). The noise excess factor y is used to evaluate the characteristics of
the thermal noise. For Vps=0, y=1 because the channel is like a conductance of
value gqp. In the case of long channel, it has been found experimentally and
theoretically that 2/ y <I in a linear region and y converges to 2/3 in the

saturation region.

As mentioned above, the physical origin of the induced-gate noise (ng) is
the capacitive coupling of the channel conductance to the gate capacitance. Based

on this assumption, van der Ziel derived a simple expression:

S}; = 4kTngﬂ (4.83)
with
2
C
g, = (oCs) (4.84)
5gdso

where Cg is the gate-source capacitance. The expression is valid in the saturation

region for frequencies below 1/3 of the cut-off frequency fr and this frequency
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range is sufficient for most real applications of the device. Theoretically, the gate
excess noise factor, g, tends to 4/3 and the imaginary part of coefficient Im(C)
tends to 0.4 in saturation for the case of long channel. The bias behavior of the
excess noise factors and correlation coefficients for SGT with different channel

lengths are shown in the next figures.
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Fig. 4.10. The drain excess noise factor y as function of drain voltage (R=5nm, t,,=3 nm

and VgsV11=0.5 V): (a) considering T,=T, (b) including carrier heating

Figure 4.10 shows the drain excess noise factor » as function of drain

voltage for a SGT with R=5nm, t,=3 nm and VesVm=0.5 V. As the channel
decreases, the drain noise factor also decreases. It can be observed that for the

long-channel case in saturation, the drain excess noise factor y tends to 2/3, and

for Vp=0 it tends to 1. The values decrease steadily with the drain bias in
saturation regime, which is attributed to the channel length modulation effect
through the corrected length L. and the potential distribution and the related

mobility distribution along the channel. Such decrease of y with the drain bias
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becomes more critical for devices with smaller channel lengths, because the
channel length modulation has larger effects for the short-channel devices.
Moreover, when the gate length decreases, L. differs from the channel length L.
Figure 4.11 shows the ratio between the corrected length and channel length L/L
for different gate lengths as function of gate voltage and drain voltage. The
corrected length tends to L for the long channel case. In the long channel case we
can consider that the critical field E. tends to infinite and velocity saturation will
not occur, thus from egs. (4.51) and (4.53), g. is equal to g and L.=L. When the
channel length decreases, g, differs from g and the corrected length can be up to
1.5 times higher than the effective length for short channel cases. As a conclusion
the noise model based on the conventional Klassen-Prins [Lazaro-2009; Klaassen-
1967] which considers g.=g and L.=L is not useful to model the channel noise for

the short channel case.
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Fig. 4.11. (@) Normalized corrected length LJ/L as function of gate voltage (R=5nm,
to=3nm, Vps=1V). (b) Normalized corrected length LJ/L as function of drain voltage
(R=5nm, to,=3nm and VggV11=0.5V.
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Fig. 4.12. The gate excess noise factor [ as a function of drain voltage (R=5nm, t,,=3 nm

and VgsV1=0.5 V): (a) considering T,=T,, (b) including carrier heating

Figure 4.12 shows the gate noise factor § for the same SGT and same bias
conditions of Fig. 4.10. The factor f increases with the reduction in the channel

length. Also, the factor £ is almost constant for the long channel case and close to

4/3. Figure 4.13 shows the imaginary part of the correlation coefficient as a
function of drain voltage for the same SGT (R=5nm, t,=3 nmand VgsVy=0.5V).
In the linear bias region, the correlation coefficient is close to zero and linearly
increases with drain bias. In the saturation region is almost constant. It is around
0.4 for the long-channel case, and goes to 0 at Vps=0 V, where the transistor is

similar to a resistor. This coefficient decreases with channel length reduction.

For a SGT with R=5nm and t,=3 nm, Fig. 4.14 and 4.15 show the drain
and gate excess noise factors as well as the imaginary part of the correlation
coefficient as a function of gate voltage, at a fixed drain voltage of 1 V. The drain

excess noise factor y remains relatively constant with the increase of gate voltage

for all channel lengths (Fig. 4.14). On the other hand, the gate excess noise factor
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[ (Fig. 4.15) is found to depend strongly on the gate voltage for short-channel
devices and it exceeds the value for long channels considerably. The value of the
imaginary part of the correlation coefficient as a function of gate voltage (Fig.

4.16) smoothly decreases with gate overvoltage for all channel lengths.
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Fig. 4.13. The imaginary part of the correlation coefficient Im(C) as a function of drain
voltage (R=5nm, t,,=3 nm and VgsV11=0.5 V): (a) considering T,=T,, (b) including carrier
heating

=1
=
=]
I

—— L=50nm
—7— =100 m (]
—%— =200 nm

L=500 nm
—F—L=1000nm ||

=]
=)
o
o

=2
=
=]
~1

—— L=50 nm
—F—L=100 nm
—=— =200 nm

L=500 nm
—<— L=1000 nm

=
o
=
o

=
=

Drain Moise Excess Moise Factory
=
=

Cirain Moise Excess Noise Faclory
o
=

=
=

=1
o
a
=1
=

U] 0.4 04 06 0.7 n.a 04 1 2 0.3 0.4 05 06 07 0.8 04 1
Vg ¥l Vg Vel¥)

(a) (b)

Fig. 4.14. The drain excess noise factor » as function of gate voltage (R=5nm, t,=3 nm

and Vps=1 V): (a) considering T,=T,, (b) including carrier heating
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Fig. 4.16. The imaginary part of the correlation coefficient Im(C) as a function of gate
voltage (R=5nm, t,=3 nm and Vps=1 V): (a) considering T,=T., (b) including carrier
heating

Previous figures compare the case where the noise temperature is equal to
the lattice temperature and the effects of carrier heating are ignored, and
considering that the noise temperature is equal to the carrier temperature given by
eq. (4.34). Although this assumption is questionable [Nougier-1977], it can help to
understand the effect of heating in the gradual channel region. In addition, this

assumption allows obtaining analytical expressions for the noise spectral densities.
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Fig. 4.10b and Fig. 4.14b show an important increase in drain excess noise ratio y
when heating is considered. Also important increases in gate excess noise ratio S
are caused (Fig. 4.12b and 4.15b) by carrier heating. However, the correlation
coefficient (Fig. 4.12b and 4.15b) decreases when carrier heating is incorporated.
The bias and scaling behavior predicted for the present SGT MOSFETS noise
model agree with other compact models for conventional SG MOSFETSs. However,
experimental results from different authors [Deen-2006; Mahajan-2009; Klein-
1999; Knoblinger-2001] for SG MOSFETS for various lengths found excess noise
ratios y greater than 1 for short channel devices below 100 nm. Also experimental
results [Han-2004; Jundal-2006] show an important increase of y with drain voltage
for sub-100 nm gate lengths SG MOSFET devices. Various theories supported by
experimental measurements have been developed to explain this channel excess
noise. Klein [Klein-1999] and Knoblinger et al. [Knoblinger-2001] attribute the
excess channel noise to the carrier heating in the velocity saturated region.
However, Deen et al. [Deen-2006] show experimentally that hot carrier effects in
the saturation region are negligible, as considered in the present model. They
explain the excess noise using channel-length-modulation (CLM) only. R.P. Jindal
[Jindal-2006] attributes part of this excess noise to the noise contribution due to a
shot noise associated to a diffusion current at the source side of the channel.
However, device simulations using drift-diffusion and hydrodynamic models for
sub-100 nm MOSFETs report noise less than the noise seen experimentally
[Mahajan-2009]. Additional noise mechanisms or noise contributions must be
taken into account in simulations in order to explain the experimental results. There
is a lack of experimental noise and simulated results using more accurate
techniques such as Monte Carlo to validate these statements for sub-100 nm SGT
MOSFETS.
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4.7 Conclusions

The model presented in this section includes the channel noise, the induced-gate
noise and the cross-correlation noise between drain and gate noises. The
expressions are analytical and they depend on the mobile charge at the source and
drain ends of the channel. The values of the excess noise factors and correlation
coefficients follow the values previously obtained in the DG MOSFET model
[Klaassen-1967]. Moreover, the compact noise model described does not use
adjusting parameters, thus making it ideal for being used in circuit simulators with
SGT MOSFETSs.

The effect of carrier heating in the gradual channel has been investigated.
According to the literature the noise associated with the saturation region has been
neglected. Important increases are observed due to gradual channel heating for the
drain and gate excess noise ratio when the gate length decreases. However, the
increases in transition frequency (fr) with downscaling compensate this effect, and
the intrinsic minimum noise figure decreases with downscaling because it is
proportional to f/fr . However, the present model using the noise temperature equal
to the carrier temperature does not give drain excess noise ratios higher than unity,
as experimentally observed for sub-100 nm conventional MOSFET devices. The
lack of noise experimental results in the literature for SGT devices does not permit
to clarify the importance of excess noise in these devices. An improved channel
noise temperature that takes into account more accurately the channel heating
needs to be investigated further in order to explain possible discrepancies in
nanoscale devices. Small dependence of excess noise parameters y, £ and
correlation coefficient on the silicon radius is found using the noise model
presented here. However, quantum effects must be incorporated in the charge

control when the silicon radius decreases. These effects can be taken into account
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by modifying the charge model proposed by B. Nae et al. [Nae-2009]. The compact
model used here for the drain current is based on a drift diffusion formulation that
could be questioned for nanoscale devices. A more sophisticated transport model

should be used for nanoscale devices [Lazaro-2008].
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Chapter 5

Compact Modeling of Triple-Gate Transistors

5.1 Introduction

The Triple-Gate (or FInFET) transistors were born from the need to overcome
technological limitations of current MOS technology, and improve the
performances of CMOS devices. They are three dimensional FET devices which
are compatible with existing CMOS fabrication, and do not require any special

technology processes, like, for example, the bottom gate alignment on DG devices.

The purpose of this study is to examine the performance capabilities of

Triple-gate devices in the RF regime using a simulation study of their small-signal
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behavior in order to compare their performance with state of-the-art planar RF
MOSFETS.

The inclusion of the quantum confinement effects in these models becomes
mandatory due to the use of ultra-thin silicon oxides. Hence, a self consistent
solution of the two-dimensional (2D) Schrédinger and Poisson equations is needed.
The three dimensional structure of FIinFETs makes it difficult to obtain an
analytical classical and quantum charge control expression. In this chapter, an
empirical charge control expression derived from a DG structure will be proposed.
This expression depends on adjustable parameters that must be derived from
numerical simulations or experimental measurements and will allow us the

calculation of the channel current.

This model includes velocity overshoot through a one-dimensional energy-
balance model [Baccarani-1999; Lazaro-2006], the effect of saturation region and
the channel modulation length effect and the mobility degradation produced by
quantum effects [Ge-2002].

The DC model is extended to the RF/microwave frequency range using the
active transmission line approach [Pailloncy-2004; Lazaro2-2006]. Diffusion and
shot noise sources are included in the active line in order to study the noise
behaviour of these transistors. Needless to say the carrier temperature has a great
influence in high frequency noise behaviour. In the drift-diffusion models the
carrier temperature is calculated using empirical relationships with electric field,
while in the model presented here, the carrier temperature along the channel is
obtained from the energy-balance model. This study will present a comparison

between the drift-diffusion and non-stationary models, applied to RF operation.
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5.2 Charge Control Mode

We consider a Triple-Gate device which, from the geometrical point of view, is
similar to a FinFET device, in the sense that its height is much higher than its
width. For that reason, from this point on, we will call the device used in the
simulations a FInFET. A simple diagram showing the FInFET structure is given in
Fig 5.1. The FinFET uses a single poly-Si layer deposited over a silicon fin
patterned to form perfectly aligned gates straddling the fin structure. The other side
of the channel ends at the buried oxide. The Si fin acts as the device channel and
terminates on both sides at the source and drain. The fin is raised above the usual
manufacturing plane. The polysilicon gate straddles the Si fin and thus the gate is
on both sides of the channel. This leads to a very good electrostatic control of the

channel charge by the gate compared to conventional MOSFETS.

The inversion charge associated to lateral and top gates can be calculated
using 2D ATLAS device simulation of FInFET cross section from the electrical
field integral along the gates (Fig. 5.2a). Figure 5.2b shows these charges as a
function of the applied gate voltage for a FinFET with Ws,=10nm, H;,=50nm,
tox=1.5nm, tp,=50nm. This figure shows that the threshold voltage for the lateral
and top gates has a small shift. The charge contribution associated to the top gate is
small compared to the charge controlled by lateral gates. This effect is observed in
devices with small aspect W/H ratios. This result suggests a charge control model

similar to that employed for DG SOI devices.
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Fig. 5.1. The FinFET structure used in the simulations
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Fig. 5.2. A cross-section of the FinFET device used in the simulations (a); Charge
associated to top and lateral gates and total charge calculated with SILVACO ATLAS and
with the compact model Wsn=10 nm, Hin=50 nm, to=1.5 nm, teex=50 nm. (b)
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Three cases will be discussed in this study: a classical charge control
model and quantum correction for both undoped and doped devices. For the
undoped case, an exact solution for the surface potential can be obtained following
the method proposed by Taur [Taur-2004]. The solution is expressed as a function
of a parameter f that depends on the surface potential. This parameter is found
solving a nonlinear equation resulting from the boundary conditions for the electric
field at the surface. Following J.-M. Sallese et al. [Sallese-2005], the charge control
model can be linearised, resulting in:

V-V -V, =&+VT In%+vT InM (5.1)

ox 0 0
where Vgs is the gate voltage, V is the channel potential, C. is the oxide
capacitance, Vt=KT/q is the thermal potential, Qo=2C.Vr (for the undoped DG
MOSFET case) is a process dependent parameter, and Vqy is the threshold voltage.

Note that the inversion charge density Q is Q=2Qc.

For the doped case, numerical simulations have shown that the difference
between the surface potential and central potential, ¢, — ¢, , keeps a constant value
from the subthreshold region to well above threshold [Francis-1994]. Thus, the

same charge control model given in eq. (5.1) can be obtained [Iniguez-2006;

Iniguez2-2006; Moldovan-2007], but replacing Q, with the depletion charge
Quep=ONats.

By means of Lambert-function (defined as the solution to the equation

W(x)e"=x), we can write:

V..-V-V.
Q = an[exp [GSTTT“D (5.2)
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where Q,=nCqVr, and n=2 for Qz>>Q,, i.e., well above threshold, when eq. (5.2)
is an infinitely continuous solution of eq. (5.1). Then n can be interpreted as a

fitting parameter with values between 1 and 2.

However, the Lambert-function does not have an explicit form. This
function is implemented in several common mathematical codes (MATLAB,
Maple, Mathematica) using a series expansion or iterative methods (see Annex I1I
for details on the Lambert function). For compact modeling a good explicit
approximation (a relative error less than 10) of the Lambert-function, based on a

Hermite-Padé rational approximation, is given by [Winitzki-2003]:

In(L+In(1+ x
W(X) = In(L+ X) (l—wj (5.3)
Note that eq. (5.1) is the same expression used by A. Lazaro et al. [Lazaro-2006]
considering quantum confinement, and assuming that the eigenvalues of the
Schrddinger equation can be derived from the case of an infinite rectangular
qguantum well. A numerical self-consistent solution of Poisson-Schrodinger
equations shows that the main difference between the classical and quantum charge
control is a shift in the threshold voltage and a reduction in the gate capacitance
[Baccarani-1999; Lazaro-2006].

Also, the same charge control given in (5.1) can be obtained for other types
of multiple gate transistors such as Gate-All-Around (GAA) or Surrounding-Gate
Transistor (SGT) [Iniguez-2006].

In the case of FinFETS, due to their 3D structure, the charge control given
by eq. (5.2) may be used considering Q,, Vry and n as unknowns to be extracted
from capacitance measurements or numerical simulations. To improve the

agreement we propose a new explicit function:
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Q:Qdep+QnW{exp[VGS;;’—VIVT”J] 54

where Qqe IS the depletion charge, and n is replaced by the following smoothing

function:

nd _ nmhl+'nnmx +(:nmm<é'nmh1jtanr][vgs__\/__\GH +WA\GH J (5_5)

nV;
where Ny is the minimum slope (Nyin=1) and Ny is the maximun slope (N IS set
to 3 in order to include the top gate charge contributions). In eq. (5.5) a small shift
AV is introduced in order to take into account the voltage shift for the top gate
charge contributions, n is a smoothing parameter that controls the abruptness of the
slope transition between hy, and Ny typically takes values close to 15. The new
charge expression (5.4) has four adjustment parameters (Vu, AV, Qn and n). In
eg. (5.5), in the subthreshold regime, we get ng =1, and obtain the subthreshold
slope. As Vgs increases, ng approaches ny. which means that eq. (5.5) extends

expression (5.2) into the subthreshold regime.

Figure 5.2b compares the charge per unit area extracted from Silvaco
ATLAS simulations and the one obtained using eq. (5.2) for an undoped FinFET
(in fact a very light doping of 10™ cm™®). The good agreement obtained with both
approximations proves that the charge control model presented here can also be
used for FinFETSs for typical RF bias points. However, the agreement using eg.
(5.2) is not good in the subthreshold region. The reason is that in this region Q is
comparable to Q, and the subthreshold slope n tends to 1. Figure 5.2b shows a
good agreement between ATLAS simulations and the new charge expression (5.4)

in all bias regions.
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Fig. 5.3. Total charge sheet density numerically calculated (V classic and o quantum) and
the charge control model (solid-line) for a FinFET with (Wi,=10 nm, Hg,=30 nm, t,=1.5

nm, tpe,=50 nNm).

As previously mentioned, new MOSFET architectures, such as ultrathin-
body single- or multi-gate FETS, can in fact be scaled down more aggressively than
the bulk-CMOS ones, and may become good candidates for future technology
nodes. For such reduced dimensions quantum effects must be taken into account.
Hence, the channel charge must be obtained from the self-consistent solution of the
2D Schrodinger—Poisson equations. A home-made simulation tool has been
developed using partial differential equations toolbox in MATLAB [Ruiz-2007].
The same charge control equation (5.4) could be applied for the quantum case
changing the adjustment parameters. In Fig. 5.3 the total charge sheet density is
numerically computed for a FinFET (W;,=10 nm, H;,=30nm, t,,=1.5 nm, t,,=50
nm). This figure compares the classical and quantum simulations with the compact

charge control model proposed here.
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Fig. 5.4. Capacitance simulated (V classic and o quantum) and calculated with charge
control model (solid-line) for a FINFET with (Wfin=10 nm, Hfin=50 nm, tox=1.5 nm,
tbox=50 nm).

Figure 5.4 shows the capacitance for the same FinFET. A good agreement
between numerical simulations and the compact charge control has been found in
the classical and quantum cases in the whole range of applied bias. The two main
effects observed in this figure are an increase in the threshold voltage and an

important reduction of channel capacitance for the quantum simulations.

5.3 Drain Current Model

In extremely short channel DG MOSFETs and FinFETs the channel is quasi-

ballistic, and as a consequence an important velocity overshoot is expected
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[Baccarani-1999]. Using a simplified energy-balance model, the electron mobility
is a function of the electron temperature related to the average energy of the

carriers.

The transport model previously developed for DG-MOSFETs [Lazaro-
2006] is extended to the FinFET case. Following G. Baccarani et al. [Baccarani-
1999] and A. Lazaro et al. [Lazaro-2006] , the drain current in the linear channel

region (X<Lg) can be obtained as:

\

Dsat

W [ 116Q(V)AV
los = . (5.6)

.f£1+(2k’u”°j(Te(x)—To)jdx
5 g,V

W~ sat

where the energy-relaxation length is defined as A, ~ 2v_z,, 7 being the energy

relaxation time, and v the saturation velocity. In case of FinFETSs, for scaling
purposes and for comparison with other MOSFET structures, W can be assumed
equal t0 W=nNfingers(Whint 2Hsin), Whin and Hs, being the fin width and height,

respectively, and Nengers the device number of fingers.

Therefore, the expression of Ips can be written in terms of carrier charge
densities. The above integrals (5.6) can be numerically computed using quadrature
integral formulas. In order to obtain explicit expressions we linearize the charge

around half saturation voltage: Vi,=Vpsx /2. Then the charge can be expressed as:

dQ
Q) = Q(V,,) + (V-V,)=Q,+aAV (5.7)
avi,
Integrating the charge density between Qs and Qg (Q=Qs at the source end and

Q=Qq at the saturation point or drain end), we obtain:
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V, 2
DSsat V
f(VGS’VDSBat) = J‘ lLanQ(V)dV ~ /ueff [QmVDSZsat +ta DSSsatj (58)
0

The dependence of the mobility £ on the normal electric field is often
referred to as mobility reduction, whereas the dependence on lateral electric field is
often referred to as velocity saturation. We use the semiempirical model presented
by V.P. Trivedi et al. [Trivedi-2004] but considering an effective DG-MOSFET
thickness ts=Wk,. The effective mobility is approximated by the mobility at the

midpoint, uer=u(Vm).

In order to evaluate the integral in the denominator of eq. (5.6), we need to
know the temperature profile along the channel. The electron temperature T, is

governed by the following equation [Baccarani-1999]:

dr, T, -T, q
f+=—=——E (X
dx A4, 2k ) (59)
Equation (5.8) can be integrated assuming a constant A, under boundary condition
To(x=0)=T,, and the x-component of the electric field expressed as a function of the
channel potential, E(X)=-dV/(x)/dx:
q A Fyinan
T)=T, +—V(x)-——|V(&)e™d (5.10)
(09=T,+— V(X MW{ (£)e™ d¢
As an approximation, in the channel linear region we can assume that the
lateral field is linear from a small value at the source end to the saturation field at
X=Le (Ex=EsaX/L¢). Using egs. (5.8) and (5.10), we obtain:
WF (Ves: Voss) _ ﬂ f (Vs Voss)
Le sle L. 1+yV,
Le+(;70ktj‘v(§)eﬂwd§ e VnVpss (511)
0

IDS -

where
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M 1
Vgl (1+24,/L)

7n (5.12)

and Vpss is equal to Vps for non saturated channels (Le=L) and Vpss=Vpss fOr

saturated channels. A smoothing function is used to interpolate Vpss:

In{l ANV -V, /(KT /
VDss=VDs—I% n{l+exp[ (\/DSA bs) | (KT 1Q)]} (5.13)

where A is the parameter that controls the transition between saturated and non

saturated channel (in this model A=1 is chosen for smooth transition ).

The value of Vpss Can be found by equalling the drain current given by eq.

(5.11) with the current in the channel saturation point:

los = VVQ(VDSsat)V%I,ns (5.14)

where the overshoot channel velocity v nsis calculated from the expression:

A%O
Vgm0 E (x=L 5.15
ety Y (.15
with
2K
o == (5.16)

Note that the conventional drift-diffusion model is recovered if A, is set to 0, then

the non-stationary saturation velocity Ve ns IS €qual to the stationary value V.

Channel length modulation should also be included. For Vps<Vpss: the
device works in the linear region, with Le=L and Vpswx=Vbs FOr Vps>Vpasa, the
device operates in the saturation regime, and the channel is partially saturated, and

the saturated channel length is given by:
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. Vs —V,
AL=L-L, =L_arcsin h(Mj (5.17)

E_L

sat —cC

where L.=a-A. is proportional to the characteristic length A. (using the same
expression for DG transistors given by J.P. Colinge [Colinge-2004]), and a is a
fitting parameter (O<a<l).

5.4 Results and Discussion

In this section some simulated results will be obtained using the previously
presented model. First, the DC drain characteristics are obtained. Figure 5.5 shows
the drain current characteristics for a 50 nm gate length FinFET (W;,=10 nm,
H:qin=50 nm, t=1.5 nm) calculated with the above described model. In Fig. 5.5a the
temperature model is used, whereas in Fig. 5.5b the drift-diffusion transport model
is used. The effect of velocity overshoot translates into an increase (about 25%
higher for this gate length) in the drain current and transconductance. Due to the
reduction in the channel capacitance (see Fig. 5.4) an important reduction in the

drain level is observed in the quantum case for the same gate voltage overdrive.

In order to take into account the most important effects, such as non quasi
stationary effects, the gate and drain correlation between noise sources, and the
tunnelling gate current noise, we use the segmentation method [Lazaro-2006;
Lazaro2-2006]. This method is based on splitting the channel in several channel
slides. For each channel slide a local small-signal equivalent circuit (see Fig. 5.6a)
is derived from the charge control and drain current. This circuit is composed by
the gate to channel capacitance, Cg, the channel conductance g. and the

transconductance Om-
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Fig. 5.5. A comparison of drain current for FInNFET (W;,=10 nm, Hg,=30 nm, t,,=1.5 nm,

thx=50 nm)), L=100 nm, for classical charge control () and quantum charge (=) using a)

Temperature model b) Drift-Diffusion model. The gate voltages are VgsV1=0.5, 0.75, 1

and 1.25 V.

These components are calculated using the following expressions:

C_ (X) =WAX——
gc( ) oV

Q

ac

Q

O (X) =W(X) —=

oV,

gc

g(X):aIDs| IDS

Where Vgc ( y) :VGS _V ( y) )

oV

|\,g:ae N E, (X)AX

(5.18)

(5.19)

(5.20)

The derivative dQ/dVgc in egs. (5.18-5.19) can be obtained analytically

from eq. (5.4), and the electric field is supposed to change linearly with the channel

distance in the linear region, and it is given by eq. (5.21) in the saturation region:
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E, (X) = E,, cosh [ Xl Le) (5.21)

C

where Eg; is the electric field at the saturation channel point and is obtained from
Vbssat, Under the linear field approximation in the linear region.

The local noise sources are taken into account in order to simulate the
noise parameters. Thus, we include a channel noise source due to diffusion noise
(in) and a shot noise source associated with the tunneling gate current (ing). Also the
tunneling gate conductance may be taken into account. Using the nodal analysis the
Y parameters and admittance correlation matrix of the intrinsic circuit are
calculated [Lazaro-2006; Lazaro2-2006]. By using common matrix correlation
relations, the extrinsic small-signal and noise parameters are calculated (Fig. 5.6b).
From intrinsic Y parameters the typical FET admittance small-signal model can be
obtained by means of real and imaginary part identification. Finally, the parasitic
resistances (Rs, Ry, Rg) and inductances (Ls, Lg, Lg) are added.

The cut-off frequency (fr) and maximum oscillation frequency (f.x) are the
most important RF figure merit parameters [Raskin-2006; Pailloncy-2004]. These
parameters can be calculated from the small signal equivalent circuit extracted
from the Y parameters computed using the active transmission line analysis

identifying each branch of the Pi equivalent circuit.

9 9
f = m ~ m
T 27C, h+ 2C,/C, 27(Cy+C,) (5.22)
~ o

27C,, [4AR +R + Rg)(gds+ gg} 2

gs

where Cg and Cy, are the gate to source and gate to drain small signal capacitance

respectively, including fringing and overlap capacitances, g, is the gate
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transconductance, R, (in series with Cy) takes into account the distributed nature of

the MOSFET and ggs is the drain-to-source conductance.
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Fig. 5.6. (a) Local equivalent circuit for a channel slide, and (b) FinFET small signal

equivalent circuit

As shown in egs. (5.22-5.23), fr depends on the ratio between g, and the
total gate capacitance while f,x also depends on the source/drain and gate parasitic
resistances, and the ratio Cyy/Cqs. In this model the fringing and overlap capacitance
are estimated using the analytical model proposed by W. Wu et al. [Wu-2006],

whereas the gate resistance and source and drain resistances are calculated using
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the formulas given by W. Wu et al.[Wu-2007] and A. Dixit et al. [Dixit-2005],

respectively.

10° : :
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—=6— Quantum Drift-Diffusion
%_| —=— Quantum Temperature Model
¥
o 10
>
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10 p . :
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Gate Length{nm)

Fig. 5.7. Simulated cut-off frequency f; versus gate length for FinFET (W;,=10 nm, Hy,=30
nm, t,=1.5 nm, t,,=50 nm, Vps=1 V, Vs V13=0.5V). A Comparison between the classical
and quantum charge controls for the Drift-Diffusion and temperature or temperature models

are shown.

Figures 5.7 and 5.8 compare the fr and f,x calculated with drift-diffusion
and hydrodynamic (or electron temperature) model for a FinFET (Wq,=10 nm,
Hqn=50 nm, 100 fingers, Ves—V1=0.5V, Vps=1V). Due to the overshoot effect the
values of fr and f.x are considerably higher in the temperature transport model.
Small differences have been shown in fr between classical and quantum charge
control models. This is due to the fact that fr depends on the ratio g./Cgys, Where the

numerator and denominator are affected in the same magnitude for the channel
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capacitance. Then, except for the threshold voltage shift, the channel capacitance
reduction due to quantum effect is not appreciable in fr. However, the differences
in fox between classical and quantum case are more important due to the
differences in intrinsic resistance and channel conductances. For shorter gate length
the overshoot velocity effect, taken into account in the temperature transport

model, increases the transconductance and, as a consequence, the value of f. .

3
10
5
0 10°}
[
£
—— Classical Drift-Diffusion
—e— Classical Temperature Model
—%— Quantum Drift-Diffusion
—— Quantum Temperature Model
1
10 : : :
0 50 100 150 200

Gate Length{nm)

Fig. 5.8. Simulated f..y versus gate length for FiInFET (W,=10 nm, H¢,=30 nm, t,=1.5 nm,
thx=50 nNm, Vpds=1 V, Ve0sVm1=0.5V). A Comparison between the classical and
quantum charge controls for the Drift-Diffusion and temperature or temperature models are

shown.

Changing to a current-current representation, we define a set of
dimensionless noise coefficients which are convenient for noise figure calculations,

the so-called Pucel’s parameters P, Rand the correlation coefficient C:
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__ | (5.24)
4KT Afg,,
i2
R= ’ _ (5.25)
4KTAFC /g,
igi;
C=Im| == (5.26)
P22
g d

where T;=290 K and Af'is the frequency bandwidth. An accurate knowledge of P is
important because it characterizes channel noise. The correlation is essentially

imaginary because of the capacitive coupling between the channel and the gate.

For a typical low noise bias point, the shot noise due to the gate tunneling
effect can be neglected compared to diffusion noise [Pailloncy-2004]. Then, the
minimum noise temperature including parasitics can be written as a function of

correlation matrix elements [Danneville-2005]:

T =2Tofi\/PR(l—Cz)+(P+ R—ZC\/ﬁ)(Rg +R)g, (5.27)

Figure 5.9 shows the admittance noise parameters R, P, C previously
defined in egs. (5.24-5.26) as a function of gate length for a FinFET (W;,=10 nm,
Hin=30 nm, tx=1.5 nm, ty,=50 nm, 100 fingers, Vps=1V, Ves—V=0.5V). The
value of parameter R is found to be almost constant, equal to 0.2 for classical
transport and around 0.15 for temperature transport, which makes the induced gate
noise current source only dependent on Cy and gm. The parameter P is the most
affected by both short-channel and hot-carrier effect increasing with downscaling.
The values of P are larger in the temperature model, because the intrinsic noise
source in the local equivalent circuit is higher than the drift-diffusion case due to

the hot carrier effect. The correlation coefficient C decreases with downscaling in
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the drift-diffusion model whereas in the temperature model remains almost
constant with a small increase. From eq. (5.27) the higher value of C compensates
the effect of larger P resulting in a lower noise figure for shorter gate lengths in the
temperature model. The range of values of R, P and C parameters obtained here
are quite comparable with the experimental ones obtained for 110 nm gate length
SG MOSFET devices [Pailloncy-2004].
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Fig. 5.9. Intrinsic noise model R, P, C for FinFET (W;,=10 nm, H;,=30 nm, t,=1.5 nm,
th=50 NM, 100 fingers, Vs Viu=0.5V, Vps=1V) . () Classical Drift-Diffusion, (+) classical

Temperature model, (0), Quantum Drift-Diffusion, (V) Quantum temperature model.
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Fig. 5.10. Extrinsic Noise Parameters as function of gate length for FinFET (W,=10 nm,
Hfn=30 nm, t,=1.5 nm, ty,=50 nm, 100 fingers, VesV1=0.5V, Vps=1V) at 10 GHz.

Figure 5.10 shows the extrinsic noise figure for FInFET (W,=10 nm,
Hin=30 nm, t,=1.5 nm, tp,=50 nm, 100 fingers, Vps=1 V, VesVm=0.5V) at 10
GHz calculated using the drift-diffusion and temperature models. From this figure
some conclusions can be drawn. First, a lower noise figure is always achieved
when quantum effects are taken into account. Second, for gate lengths smaller than
45 nm, lower noise figure values are obtained using the temperature model. This
fact is a consequence of higher fr and f. since around these gate lengths velocity
overshoot compensates the higher intrinsic noise due to larger P values obtained

using the temperature model.
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Fig. 5.11. Frequency behaviour of the Extrinsic Noise Parameters including gate current
effect for FINFET (W,=10 nm, H;,=30 nm, t,,=1.5 nm, t,,,=50 nm, L=50 nm, 100 fingers,
VGS'VTHZO.SV, VDS:]-V)

The frequency dependence of the noise performance is also studied, as
shown in Fig. 5.11. For a 50 nm gate length the intrinsic minimum noise figure is
better for the temperature model than for the drift-diffusion model. Following eqg.
(5.27), the frequency slope of the minimum noise temperature depends on the
parasitic resistance and the fr, resulting in an important contribution of parasitics in
the high frequency extrinsic noise. The difference between drift-diffusion and
temperature transport model increases when the extrinsic (with parasitics) noise

figure is considered, due to the difference in fr between the two models.
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5.5 Conclusions

In this chapter, a compact RF model for FinFETS, is proposed, based on a charge
control model obtained from 2D device simulations where quantum effects
corresponding to the intrinsic transistor parameters are taken into account. The

charge control model can be applied to both the classical or quantum cases.

The channel current model is based on an electronic energy transport
model which includes the velocity overshoot and hot carrier effects in the noise
temperature. RF and noise are analysed using the active transmission line method.
Furthermore, as an application of the model we have described the RF and noise

performance of FinFET devices with the downscaling of the gate length.

Comparisons between the two transport models and the influence of
quantum effects have been studied. The obtained results show important
differences in drain current, fr, f.a, and noise performances between drift-diffusion
and hydrodynamic models for short gate lengths. These differences are due to the
velocity overshoot that increases the transconductance, and hence, fr and fiu
values. Also, significative difference have been observed in f and Fri, between

classical and quantum models.

The intrinsic noise figure depends on the temperature model used in the
simulation. The electronic temperature transport model predicts a higher noise
temperature in the saturation bias region than the classical relation between carrier
temperature and electric field, resulting in a higher noise figure. However, for gate
lengths shorter than 50-60 nm the increase of fr due to velocity overshoot
compensates for the channel temperature increment, finally resulting in a lower

noise figure. In these devices, for typical RF operating bias points, the effect of the
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shot noise introduced by the gate current is small. The simulated results show the
limiting effect of parasitics in FinFETs RF and noise performances.
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Chapter 6

Conclusions

The nanoelectronics world is moving forward at incredible speed, and technology
keeps improving overnight. One can no longer afford to spend months or even
years evaluating a future technological node, thus the need for a robust evaluation
system has arisen. Numerical ways of modeling the new device architectures, apart
from precision, offer very little in terms of performance, and are being replaced by
new analytical tools, focused on providing exactly that — speed and accuracy.
However, many analytical tools these days are in fact a combination of numerical
approaches and analytical expressions, and often rely on adjusting parameters that
do not give any insight on the internal functioning of the device. What is really

needed is a complete analytical modeling tool, based on a physical characterization
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of a device, taking into account all the new phenomena that come into play when

lowering the dimensions of the devices towards tens of nanometers.

This research work has been conceived to cover precisely these aspects.
The models described here are physical models, with very few adjusting
parameters, that are usually replaceable with values extracted from experimental
measurements; they are compact models, making use of approximate expressions
that have been tweaked to offer a very good fit with numerical simulations and
offering in exchange the advantage of computation speed, decreasing the
simulation time and thus the productivity. Another major advantage is the fact that
these models can be easily incorporated into circuit simulators, which allows
designers to unleash the full capabilities of the design software to create new

devices and applications.

As for the actual devices, the scaling of the planar MOSFET has been the
main technology option for the past decade. However, we are at a point where
materials and device issues arise, opening the door for alternative device structures.
SOI devices are excellent candidates to replace conventional bulk CMOS. The
most promising SOI devices for the nanoscale range are based on multiple gate
structures like the DG, triple gate or FinFET and SGT or Gate-All-Around (GAA).
These advanced structures can be scaled more aggressively than the bulk-Si
structures, hence, may be adapted for integrated circuit production. Also, these
structures are regarded as a near ideal technology, offering a higher drive current
than its SG SOI counterpart due to larger control over channel region, and this
strongly enhances the immunity towards the short channel effects. With the

evolution of MOSFET scaling to shorter gate lengths, the high-frequency
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capabilities of the transistor have reached the GHz regime so that RF circuit

applications have been steadily growing.

In this thesis, the performances of different Multiple-Gate MOSFET (DG,
SGT and triple-gate) structures has been evaluated, for the RF mode of operation,
and the noise performances of these devices has been studied. The modeling

scheme is similar for all these devices and is adapted to each geometry.

The basis for all these models is the fully analytical compact model of the
DG transistor described in chapter 2. This model is an extended version of a
previously developed compact dc and charge model for doped DG-MOSFET from
a unified charge control model derived from Poisson’s equation. A quantum case
has been added, using a simple relationship between the inversion centroid and the
inversion charge obtained fitting numerical simulation results. Using this compact
charge control model, DC drain current models are derived assuming drift-

diffusion and hydrodynamic transport mechanisms.

We have proved that the electron heating has an important effect on the
performances of the device, especially with scaling, thus the use of a transport
model that takes into account this effect (the hydrodynamic transport model) is

fully justified.

Several short channel effects have been incorporated into the model, such
as the effect of hot carriers, channel length modulation, saturation effect, as well as
the shot noise introduced by the tunneling gate current due to the very gate thin

oxide (2nm).
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The RF and noise performances of DG-MOSFETs have been analyzed
using the active transmission line approach from the compact charge control and
drain current model. The results we have obtained show important differences in
drain current, f, and fy. and noise performances between drift-diffusion and
hydrodynamic transport models for short gate lengths. These differences comes
from the effect of the velocity overshoot increasing the transconductance, and
hence, f; and f... The intrinsic noise figure depends on the temperature model used
in the simulation. For short-channel devices operated in the saturation region, noise
exhibits a strong dependence on the drain bias because the velocity saturation
region, where the noise temperature is high, occupies a large portion of the
channel. Hydrodynamic models predict higher noise temperatures in this region. In
these devices, for typical RF operating bias points, the effect of the shot noise
introduced by the gate current is small...however, with further downscaling, this

effect will have a bigger importance in the final noise figure.

The same approach has been applied to the SGT structure. In the SGT
case, the charge control model comes from 2D device simulations where quantum
effects corresponding to the intrinsic transistor parameters are taken into account.
The channel current model includes the velocity overshoot and hot carrier effects in
the noise temperature. RF and noise are analyzed using the active transmission line
method. Furthermore, as an application of the model we have described the RF and

noise performance of SGT devices with the gate length being downscaled.

For these two devices (DG and SGT), we have also developed a compact
noise model (instead of the channel segmentation method). It includes the channel
noise, the induced-gate noise and the cross-correlation noise between drain and

gate noises. The expressions are analytical and they depend on the mobile charge at
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the source and drain ends of the channel. noise between drain and gate noises. The
expressions are analytical and they depend on the mobile charge at the source and

drain ends of the channel.

The values of the excess noise factors and correlation coefficients follow the values
previously obtained in the DG MOSFET model. Moreover, the compact noise
model described does not use adjusting parameters, thus making it ideal for being
used in circuit simulators with SGT MOSFETSs.

This compact noise model reproduces the measured noise bias behavior for
any gate length found for SG MOSFETSs in the literature, without the need for
additional parameters. Therefore, it is a very promising model for being used in

circuit simulators with SG, DG or SGT devices.

As for triple-gate (or FinFET) devices, we have proposed a compact RF
model, based on the charge control model obtained for the SGT case, but modified
for this specific architecture. The channel current model includes the velocity
overshoot and the hot carrier effects in the noise model. The analysis of the RF and
noise behavior has been done using the active transmission line method, and the
noise performances have been studied with the downscaling of the gate length, to

predict the device behavior at future technological nodes.
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Annex |

Numerical noise modeling

Using the nodal admittance method, the active transmission line can be analyzed
(see Fig. A.1.1).

(a) SG SOl (b) Symmetrical DG SOI

\ \
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Fig. AL1.1. Small-signal and noise model for a channel slide (a) SG SOI MOSFET (b)
Symmetrical DG SOl MOSFET

y+Ay

<O—

The circuit nodes are numbered from 1 to N+1 (1 for source end, and N+1 for
drain end), and the front gate and back gate nodes are numbered as N+2 and N+3,

respectively. The current at circuit nodes can be written as:
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[11=Y, J- M1+ ] (AL1)

where I; is the signal input current at each circuit node, V; is the node voltage, I,; is
the noise current at each node, and Yj; is the admittance matrix. The current at the
internal nodes is equal to zero (1;,=0, for i=2...N). And the external nodes are

connected to voltage bias.

The admittance matrix and the correlation matrix elements are given by the

following expressions:

N
Yii = z(jwcgf,k + jwcgb,k Ok~ grrb,k) (A1-2)
k=1
N .
YN+2,N+2 = Z chgf,k (A1.3)
k=1
N -
YN+3,N+3 = Z Jngb,k (A1-4)
k=1
Y = Z(Jngbk + Gpo) (AL.5)
k=1
Yy.ai = Z joC,, (A1.6)
| N+2 Z(Ja)cgf Kk +gn-( k) (Al?)
k=1
N .
Yo =—2 j@C, (AL.8)
k=1
N
Yi,i-¢-1 = _Z gc,k (Alg)
k=1
N
Yi-¢-].,i+1 = Z gc,k (AllO)
k=1
N
Yo == (Ges + Gut s + G (A1.11)
k=1

N
Yioines =2, O (A1.12)
k=1
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N
Yi+1,N+3 = Z ok (A1.13)
k=1
N
Ci,i = Z(Sm,k + Slgf,k + S.gb,k) (Al.14)
k=1
N
Ci+1,i+1 = Z Sm,k (A1.15)
k=1
N
Cui=Ciu= _Z Sk (Al.16)
k=1
N
CN+2,N+2 = z Slgf,k (A1.17)
k=1
N
Chizi =Cini2 = _Z S (A1.18)
k=1
N
Cuianes = z Slgb,k (A1.19)
k=1
N
CN+3,i = Ci,N+3 = _z Slgb,k (A1.20)
k=1

To obtain the external admittance and correlation matrix, first, the nodes are
renumbered as internal nodes (I=2...N), and external nodes (nodes 1, N+1, N+2,

N+3). Then, the equation system (Al.1) can be written as:

HMMIME

Cii Cie
C= (Al1.22)
C, C.

Then the internal voltages can be obtained as:
i = _YiiilYie e _Yiiilini (A1-23)

The intrinsic transistor admittance matrix, Yy, is given by:
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Yoo = Yoo = PY, (A1.25)
i =i = Py (A1.26)
where
P=Y,Y" (AL.27)

Using (Al1.26) and (Al.27), the intrinsic transistor correlation matrix Cy
(Fig. Al1.2) is given by:
c,=|— — |=C_-C,P-PC_+PC, P (A1.28)

:2
Id

gl
The intrinsic circuit elements can be obtained from intrinsic Y parameters by
identification.

A useful intrinsic noise model proposed by [Pospieszalski-1989; Tasker-
1993; Lazaro-1999] also known as temperature noise model are commonly used.
The noise sources in this model (Fig. A1.3) are arranged as input voltage noise

source, €, and output current noise source, ig.
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-1
— 0
p=| ™ (A1.29)
_Yi21 1
Yill
e; gld t
C, = — = =P-CY‘-P (A1.30)
ei; i

The gate and drain temperature and the hybrid correlation coefficient are
defined as:

T = (A1.31)

T (A1.32)

Py == (A1.33)

2 +2
€ g

The intrinsic admittance parameter, Y;, and admittance matrix, Cy, are
obtained from (A1.25) and (A1.28), respectively. In order to obtain the transistor S
parameters and noise parameters the series parasitic resistances and inductance,

and the parallel parasitic capacitance must be included [Hillbrand-1976].

z,+2, z,| .,
Z, = +Y (A1.34)
z. zZ,

S

C_+C —C
Y = ja{ o P i }z; (A1.35)
—C Cpy +Cp

pod pd
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where

Z =R +joL ,x=s0,d (A1.36)

R+R, Rs} 4 '
C, =4kT vt)e, (Y AL.37
| RoR Rl ede) e
c, =(z)c, (z) (A1.38)

The total ABCD noise correlation matrix can be obtained using [Hillbrand-1976]:

A=— (A1.39)
Y~ det(Y) —Yu
C,= {0 A }CY -{0 A‘Z} (A1.40)
1 A, 1 A,

Then the noise parameters are obtained using [Hillbrand-1976]:

_ CAll
R, = 2K Af (A1.41)
2 2
Yopt — \/(CAZZ j _( Im(CA21)j (A142)
CAll CA11
F.. =1+2(Re(C,;,) +Re(Y,,)C,, )/ (4KT,Af) (A1.43)

where k is the Boltzmann constant and Ty, is the reference temperature (To=290K).
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Annex ||

Analytical Noise Modeling

For the compact modeling of noise, three methods are usually applied: 1) an
equivalent circuit approach, 2) the impedance field method, or 3) the Langevin or
Klaasen-Prins method. A.S.Roy et al. [Roy-2006] demonstrated that the three
methods are equivalent and the same final expression for the spectral densities or
correlation matrix elements were obtained. Therefore, the compact modeling
methods could be considered as an analytic analysis technique of the active
transmission line. The method used in this research - the equivalent circuit

approach - will be described in more detail below.

Let us consider a non-uniform channel with a distributed noise current

source si, (x,t) [Roy-2006]. The current at any position x can be written as:

I(x)=g(V,Z—\;)-Z—\; (A2.1)

where g =WuQ and Wis the width, p is the mobility, Q is the inversion charge

density and V is the channel potential. In the presence of velocity saturation, p
starts to depend on the electric field so g will be a function of V and (dV/dx). Figure
A2.1 shows the basics of calculating noise by an equivalent circuit approach [Roy-

2006]. An elementary noise source i (x',t) between X' and x’+4x’ sets up a
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noise current si, (x',t) at the drain. Now i, (x't) is given by

9, (X')-Ar-si (x't) [Roy-2005].

Bin(x',t)

(a)

V(X,X')

(b)

Fig. A2.1. Noise calculation using an equivalent circuit approach. (a) the basic method; (b)
typical potential fluctuation v(x) due to a current source between X' and X' +dx’ as function
of position x in the channel. v(x) between x and x+4x causes a fluctuation in gate current by

the coupling through capacitance cy(x).

From [Roy-2005] and [Roy2-2005] we have the conductance between a

fixed point a and a variable point X, gy, defined as:
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o - WQ.(X)# _ W (X)#
(x—a)+ ,u+/¢EdV Iy+uEdX
g(V) B g(V,E) (A2.2)
T ovE) (V)
2 g(V,E) ag(aVE'E)Ed EQ(V'E)d

where E =—(dV /dx), u'=(du/oE) and:

9. (V.E) _ g(V,E)
g(V.E) o(v E)+M £ (A2.3)
’ OE

A factor L. is introduced as well, given by:

] 4%&(:% g.(V,E)adv

Vo

[g.(v.E)av

:L-VS :L'
I-L

g.(V,E)dv (A2.4)

g(V,E)av

<
< e S| =5

which yields (1/g,,)=(1/9,)+(1/g,) as:

g(V.E) _g(V.E)
9 ()= IgC(V E) L, (A2.5)
9(V,E)

where gs(gq) is the conductance which point x sees looking towards the source
(drain). For the sake of simplicity, g(V) and g.(V) is used instead of g(V,E) and
0.(V,E) from this point on (the field dependence is implied). 4» can be deduced
from (A2.2) as [Roy-2006]:
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A = AX _ X g.(V) (A26)
W(Q)(u+n'E) g(V) (V) '

Therefore the expression of si, (x',t) reads:

i, () e 8D g e axe

(A2.7)

i
A )5|(xt)

where V' is the channel potential at x'. The total drain current fluctuation can be
written as a sum (integral) of the contributions from different local noise sources

located at X':

iy (1) = [ 3, (x,8) e :Lij

(x',t)dx’ (A2.8)

In order to calculate the induced gate current, the voltage perturbation
induced by this elementary noise source as a function of position needs to be
found. A potential fluctuation v(x) between x and x+4x causes a fluctuation in gate

current by capacitive coupling. Therefore, the gate current ig is given by:
L
i, = joW [ C, (x)v(x)dx (A2.9)
0
where C, = (ng /dV), Qg being the charge stored per unit area in the gate.

The voltage perturbation at x due to the noise source i (x',t), v(x,x"),

for x<x' is given by (si, (x',t)/ g,(x)) (see Fig. A2.1(b)), where
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(V
g(V) g(v) I
g.(x)  g(Vv) g(V) 1-g(V)

(A2.10)

S

. [9V) g [S Js(v)av [o.(v)av

and the voltage perturbation v(x,x') for xX'<x is given by —(si,(x't)/g,(x))

where:

(A2.11)

Then, si_(x,x't), the induced gate noise between x and x+4x caused by the
current fluctuation between x and x’+4x’, becomes (5ig(x',t) due to the

fluctuation at X' given by (from (A2.9)):

g.(V)dv

=
S — <

.ng(x)- dx

0 I-g(V)

) V_fgc(v)dv
—ch(x).—v W) dx

si, (x't)= jaW Sy (x',t) (A2.12)

Converting (A2.12) to the voltage domain using | = g(V)(dV / dx) we obtain:
\A ng \

V)dv |dV -
[ faww)

f 9Q, (Vj g, (v)dvjdv

Si, (x,1) (A2.13)

Integrating by parts yields:
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fow)fa e
5i, (x,t) =12V L si, (x'1) (A2.14)
-[Q,(V)g.(V)av

Rearranging and putting the expression of i, (x',t) from (A2.7) we obtain
Si, (x',t) (the contribution to the gate current from the noise source between X

and x’+4x’) as:
o, (x:1) = 2% [
)

L
9
g(V")

Thus the sum of all elementary contributions to the total induced gate

[ g T—

0. (V)(Q,(v) -0, (v>>dv]

(A2.15)

-0, (X', 1) AX'

current Aig(t) becomes;

. joW
Al (t): 2 )

|
(A2.16)

LV .
f{Fa @ )-e 0w | S0 5 (e
o4, g(v)

Equations (A2.8) and (A2.16) are they key for calculating any noise
parameter, and as shown in [Roy-2006], these two expressions are identical to the
other two noise calculation methodologies — Klaassen-Prins and the impedance
field method.
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Annex |1

The Lambert W Function

Many modern engineering processes, including signals, images and communication
systems, often have to operate in complex environments dominated by noise.
Efficient design, control and performance evaluation in these contexts depend on
the capability of the modeling such noise. One tool for modeling is the special
function known under the name of the Lambert W function. The Lambert W

function is defined as the inverse of the function f(W)=We", or:

x =W(x)e" ™ (A3.1)

for any complex number x. However, in our application only real values of x will

be considered.

This function has progressively been recognized in the solution to many
problems in various fields of mathematics, physics, and engineering, up to a point
at which many authors convincingly argued to establish the Lambert W function as
a special function of mathematics on its own. These elements also motivated the
introduction of the Lambert W function in various mathematical software
programs, such as Matlab, Mathematica, Maple. However, the main problem of

this function is that its implementation is purely numerical, which in the field of
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semiconductors, can lead to increasing computation times, as the dimensions of the

devices shrink and new quantum mechanical effects come into play.

In order to solve this problem, several approximations have been proposed
by mathematicians; however, their uses are many times limited to the negative side
of the Lambert W function, or to the very near proximity of the center coordinates.
However, a function proposed by Winitzki [Winitzki-2003] can be successfully
employed for the simulation of such devices as FinFET (see chapter 5), in the

range of interest of the bias for these devices.

W(x)~ In(1+ x)(l— '”iﬁ:}”(i*x?)j (A3.2)

Figure A3.1 presents a comparison between the numerical calculation of
the Lambert W function implemented in Matlab and this approximation, and shows
a good agreement, with a very low relative error (Fig. A3.2), which makes it very

suitable for compact modeling, due to the speed of computations.

The approximation has been employed in chapter 5 for the computations of
the charge in FinFET devices, and can be used for other devices as well, like SGT

or DG transistors.
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——— Matlab numerical implementation
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Fig. A3.1. Comparison between the numerical implementation of the Lambert W function

in Matlab and the approximation given by Winitzki [Winitzki-2003]

2,0 —
.
// .
= 15- / I
£ S
5 / ~~
E ~
w / ~_
_g 1.0 T~
-‘(—u' I R“"-\-.
o
o
0,5+
|
|
0.0+ T T T T
0 2 4 6 8 10
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The nanoelectronics world is moving forward at incredible speed, and
technology keeps improving overnight. One can no longer afford to spend
months or even years evaluating a future technological node, thus the need for a
robust evaluation system has arisen. Numerical ways of modeling the new
device architectures, apart from precision, offer very little in terms of
performance, and are being replaced by new analytical tools, focused on
providing exactly that — speed and accuracy.

This research work has been conceived to cover precisely these aspects. The
models described here are physical models, with very few adjusting parameters,
that are usually replaceable with values extracted from experimental
measurements; they are compact models, making use of approximate
expressions that have been tweaked to offer a very good fit with numerical
simulations and offering in exchange the advantage of computation speed,
decreasing the simulation time and thus the productivity. Another major
advantage is the fact that these models can be easily incorporated into circuit
simulators, which allows designers to unleash the full capabilities of the design
software to create new devices and applications.

In this thesis, the performances of different Multiple-Gate MOSFET (DG, SGT
and triple-gate) structures has been evaluated, for the RF mode of operation, and
the noise performances of these devices has been studied. The modeling scheme
is similar for all these devices and is adapted to each geometry.

The compact noise models presented in this thesis reproduce the measured noise
bias behavior for any gate length found for SG MOSFETSs in the literature,
without the need for additional parameters. Therefore, they are very promising
models for being used in circuit simulators for SG, DG, SGT and FinFET
devices.
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