
 

 

 

 

 

 

 

 

 

Copyright © 1998, by the author(s). 
All rights reserved. 

 
Permission to make digital or hard copies of all or part of this work for personal or 

classroom use is granted without fee provided that copies are not made or distributed 
for profit or commercial advantage and that copies bear this notice and the full citation 

on the first page. To copy otherwise, to republish, to post on servers or to redistribute to 
lists, requires prior specific permission. 



BSIM3V3.2 MOSFET MODEL

Users' Manual

by

Weidong Liu, Xiaodong Jin, James Chen, Min-Chie Jeng,
Zhihong Liu, Yuhua Cheng, Kai Chen, Mansun Chan,
Kelvin Hui, Jianhui Huang, Robert Tu, Ping K. Ko and
Chenming Hu

Memorandum No. UCB/ERL M98/51

21 August 1998



BSIM3V3.2 MOSFET MODEL

Users' Manual

by

Weidong Liu, Xiaodong Jin,James Chen, Min-Chie Jeng,
Zhihong Liu, Yuhua Cheng, Kai Chen, Mansun Chan,
Kelvin Hui, Jianhui Huang, Robert Tu, Ping K. Ko and

Chenming Hu

Memorandum No. UCB/ERL M98/51

21 August1998

ELECTRONICS RESEARCH LABORATORY

College of Engineering
University ofCalifornia, Berkeley

94720



BSIM3V3.2 MOSFET Model

Users' Manual

Weldong Liu, XIaodong Jin, James Chen, Min-Chie Jeng,
Zhihong Liu, Yuhua Cheng, Kai Chen, Mansun Chan, Keivin Hui,

Jianhui Huang, Robert Tu, Ping K. Ko and Chenming Hu

Department of Electrical Engineering and Computer Sciences

University of California, Berkeley, CA 94720

Copyright © 1997-1998

The Regents of the University of Caiifornia
Ali Rights Reserved



Developers:

The BSIM3v3.2 MOSFET model is developed by

• Prof. Chenming Hu, UC Berkeley

• Dr. Weidong Liu, UC Berkeley

• Mr. Xiaodong Jin, UC Berkeley

Developers of Previous Versions:

• Dr. Mansun Chan, USTHK

• Dr. Kai Chen, IBM

• Dr. Yuhua Cheng, Rockwell

• Dr. Jianhui Huang, Intel Corp.

• Dr. Kelvin Hui, Lattice Semiconductor

• Dr. James Chen, UC Berkeley

• Dr. Min-Chie Jeng, Cadence Design Systems

• Dr. Zhi-Hong Liu, BTA Technology Inc.

• Dr. Robert Tu, AMD

• Prof. Ping K. Ko, UST, Hong Kong

• Prof. Chenming Hu, UC Berkeley

Web Sites to Visit:

BSIM web site: http://www-device.eecs.berkeley.edu/-'bsim3

Compact Model Council web site: http://www.eia.org/eig/CMC

Technical Support:

Dr. Weidong Liu: liuwd@bsim.eecs.berkeley.edu



Acknowledgment:

The development of BSIM3v3.2 benefited from the input of many BSIM3

users, especially the Compact Model Council (CMC) member companies.

The developers would like to thank Keith Green, Tom Vrotsos, Britt

Brooks and Doug Weiser at TI, Min-Chie Jeng at Cadence, Joe Watts and

Cal Bittner at IBM, Bob Daniels and Wenliang Zhang at Avant!, David

Newmark and Bhaskar Gadepally at Motorola, Zhihong Liu and Chune-Sin

Yeh at BTA, Paul Humphries and Seamus Power at Analog Devices,

Mishel Matloubian and Sally Liu at Rockwell, Bernd Lemaitre at Siemens,

Ping-Chin Yeh andDickDowell at HP, Shiuh-Wuu Lee,Sananu Chaudhuri

and Ling-Chu Chien at Intel, Judy An at AMD, Peter Lee at Hitachi,

Toshiyuki Saito at NEC, Richard Taylor at NSC, and Boonkhim Liew at

TSMC for their valuable assistance in identifying the desirable

modifications and testing of the new model.

Special acknowledgment goes to Dr. Keith Green, Chairman of the

Technical Issue Subcommittee of CMC; Britt Brooks, chair of CMC, and

Bhaskar Gadepally, former co-chair of CMC, and Dr. Min-Chie Jeng for

their guidance and support.

BSIM3 research is partially supported by SRC, CMC and Rockwell

International.





Table of Contents

CHAPTER 1: Introduction 1-1

1.1 General Information 1-1

1.1 Backweird compatibility 1-2

1.2 Organization of This Manual 1-2

CHAPTER 2: Physics-Based Derivation of I-V Model 2-1

2.1 Non-Uniform Doping and Small Channel Effects on Threshold Voltage 2-1
2.1.1 Vertical Non-Uniform Doping Effect 2-3
2.1.2 Lateral Non-Uniform Doping Effect 2-5
2.1.3 Short Channel Effect 2-7

2.1.4 Narrow Channel Effect 2-12

2.2 Mobility Model 2-15

2.3 Carrier Drift Velocity 2-17

2.4 Bulk Charge Effect 2-18

2.5Strong Inversion Drain Current (Linear Regime) 2-19
2.5.1 Intrinsic Case (Rds=0) 2-19
2.5.2 Extrinsic Case (Rds>0) 2-21

2.6 Strong Inversion Current and Output Resistance (Saturation Regime) 2-22
2.6.1 Channel Length Modulation (CLM) 2-25
2.6.2 Drain-Induced Barrier Lowering (DIBL) 2-26
2.6.3 Current Expression without Substrate Current Induced

Body Effect 2-27
2.6.4 Current Expression with Substrate Current Induced

Body Effect 2-28

2.7 Subthreshold Drain Current 2-30

2.8 Effective Channel Length and Width 2-31

2.9 Poly Gate DepletionEffect 2-33

CHAPTER 3: Unified I-V Model 3-1

3.1 Unified Channel Charge Density Expression 3-1

3.2 Unified Mobility Expression 3-6

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley



3.3 Unified Linear Current Expression 3-7
3.3.1 Intrinsic case (Rds=0) 3-7
3.3.2 Extrinsic Case (Rds > 0) 3-9

3.4 Unified Vdsat Expression 3-9

3.4.1 Intrinsic case (Rds=0) 3-9
3.4.2 Extrinsic Case (Rds>0) 3-10

3.5 Unified Saturation Current Expression 3-11

3.6Single Current Expression for All Operating Regimes of Vgs and Vds 3-12

3.7 Substrate Current 3-15

3.8 A Note on 3-15

CHAPTER 4: Capacitance Modeling 4-1

4.1 General Description of Capacitance Modeling 4-1

4.2 Geometry Definition for C-V Modeling 4-2

4.3 Methodology for Intrinsic Capacitance Modeling 4-4

4.3.1 Basic Formulation 4-4
4.3.2 Short Channel Model 4-7

4.3.3 Single Equation Formulation 4-9

4.4 Charge-Thickness Capacitance Model 4-14

4.5 Extrinsic Capacitance 4-19

4.5.1 Fringing Capacitance 4-19
4.5.2 Overlap Capacitance 4-19

CHAPTERS: Non-Quasi Static Model 5-1
5.1 Background Information 5-1

5.2 The NQS Model in BSIM3v3.2 5-1

5.3 Model Formulation 5-2

5.3.1 SPICE sub-circuit for NQS model 5-3

5.3.2 Relaxation time 5-4

5.3.3 Terminal charging current and charge partitioning 5-5
5.3.4 Derivation of nodal conductances 5-7

BSII\/l3v3.2 Manual Copyright® 1997-1998 UC Berkeley



CHAPTER 6: Parameter Extraction 6-1

6.1 Optimization strategy 6-1

6.2 Extraction Strategies 6-2

6.3 Extraction Procedure 6-2

6.3.1 Parameter Extraction Requirements 6-2
6.3.2 Optimization 6-4
6.3.3 Extraction Routine 6-6

6.4 Notes on Parameter Extraction 6-14

6.4.1 Parameters with Special Notes 6-14
6.4.2 Explanation of Notes 6-15

CHAPTER?: Benchmark Test Results 7-1

7.1 Benchmark Test Types 7-1

7.2 Benchmark Test Results 7-2

CHAPTER 8: Noise Modeling 8-1

8.1 Flicker Noise 8-1

8.1.1 Parameters 8-1
8.1.2 Formulations 8-2

8.2 Channel Thermal Noise 8-4

8.3 Noise Model Flag 8-5

CHAPTER 9: MOS Diode Modeling 9-1

9.1 Diode IV Model 9-1

9.1.1 Modeling the S/B Diode 9-1

9.1.2 Modeling the D/B Diode 9-3

9.2 MOS Diode Capacitance Model 9-5

9.2.1 S/B Junction Capacitance 9-5

9.2.2 D/B Junction Capacitance 9-7

9.2.3 Temperature Dependence of Junction
Capacitance 9-10

BSIM3V3.2 Manual Copyright © 1997-1998 UC Berkeley



9.2.4 Junction Capacitance Parameters 9-11

APPENDIX A: Parameter List A-1

A.l Model Control Parameters A-1

A.2 DC Parameters A-1

A.3 C-V Model Parameters A-6

A.4 NQS Parameters A-8

A.5 dW and dL Parameters A-9

A.6 Temperature Parameters A-10

A.7 Flicker Noise Model Parameters A-12

A.8 Process Parameters A-13

A.9 Geometry Range Parameters A-14

A. 10 Model Parameter Notes A-14

APPENDIX B: Equation List B-1
B.ll-V Model B-1

B.1.1 Threshold Voltage B-1
B.I.2 Effective (Vgs-Vth) B-2
B.I.3 Mobility B-3
B.I.4 Drain Saturation Voltage B-4
B.I.5 Effective Vds B-5

B.1.6 Drain Current Expression B-5
B.I.7 Substrate Current B-6

B.I.8 Polyslllcon Depletion Effect B-7
B.I.9 Effective Channel Length and Width B-7
B.1.10 Source/Drain Resistance B-8

B.I.11 Temperature Effects B-8

B.2 CapacitanceModel Equations B-9
B.2.1 Dimension Dependence B-9
B.2.2 Overlap Capacitance B-10
B.2.3 Instrlnsic Charges B-12

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley



APPENDIX C: References C-1

APPENDIX D: Model Parameter Binning D-1
D. 1 Model Control Parameters D-2

D.2 DC Parameters D-2

D.3 AC and Capacitance Parameters D-7

D.4 NQS Parameters D-9

D.5 dW and dL Parameters D-9

D.6 Temperature Parameters D-11

D.7 Flicker Noise Model Parameters D-12

D.8 Process Parameters D-13

D.9 Geometry Range Parameters D-14

BSII\/l3v3.2 Manual Copyright © 1997-1998 UC Berkeley



BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley



CHAPTER 1: Introduction

1.1 General Information

BSIM3v3 is the latest industry-standard MOSFET model for deep-submicron

digital and analog circuit designs from the BSIM Group at the University of

California at Berkeley. BSIM3v3.2 is based on its predecessor, BSIM3v3.1. Its

many improvements and enhancements include

• A new intrinsic capacitance model (the Charge Thickness Model), considering
the finite charge layer thickness determined by quantum effect, is introduced as
capMod 3. It is very accurate in all operating regions.
Modeling of C-V characteristics at the weak-to-inversion transition is improved.
The Tojfdependence is added intothe threshold voltage model.
The flat-band voltage is added as a new model parameter to accurately model
MOSFET's with different gate materials.

Substrate current dependence on the channel length is improved.
The non-quasi-static (NQS) model is restructured to improve the model
accuracy and simulation efficiency. NQS is added in the pole-zero analysis.
Thetemperaturedependence is added to the diode junction capacitance model.
The DC junctiondiode modelnowsupports a resistance-free diode modeland a
current-limiting feature.

Option of using C-V inversion charge equations of capMod 0, 1, 2 or 3 to
calculate the thermal noise when noiMod == 2 or 4 is added.

The small negative capacitance of Cgs and Cgd'in the accumulation-depletion
regions is eliminaged.

A separate set of length/width-dependence parameters is introduced in the C-V
model to better fit the capacitance data.

Parameter checking is added to avoid bad values for certain parameters.
Known bugs are fixed.
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Backward Compatibility

1.2 Backward Compatibility

Meticulous care has been taken to accomplish the above model enhancements with

high levels of accuracy and fast SPICE convergence properties. In addition, every

effort has been made to maintain the backward compatibility with the previous

version except for the following change:

• Re-implementation of NQS model;

Junction diode I-V model;

Using C-V Qi„y for BSIM3 thermal noise evaluation;

Zero-bias for capMod = 1 and 2;

Removing Pj and clamps;

Using Lejfcvfor AbulkCVfactor;

Bug fixes (Refer to "BSIM3v3.2 Model Enhancements" at http://www-

device.eecs.berkeley.edu/~bsim3).

1.3 Organization of This Manual

This manual describes the BSIM3v3.2 model in the following manner:

Chapter2 discusses the physical basis used to derive the I-V model.

Chapter 3 highlights a single-equation I-V model for all operating regimes.

Chapter 4 presents C-Vmodeling andfocuses on thecharge thickness model.

Chapter 5 describes in detail the restrutured NQS (Non-Quasi-Static) Model.

Chapter6 discusses model parameter extraction.

Chapter 7 provides some benchmark test results to demonstrate the accuracy

and performanceof the model.

• Chapter 8 presents the noise model.
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Organization of This Manual

Chapter 9 describes the MOS diode I-V and C-V models.

The Appendices list all model parameters, equations and references.
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CHAPTER 2: Physics-Based Derivation
ofl-V Model

The development of BSIM3v3 is based on Poisson's equation using gradual channel

approximation and coherent quasi 2D analysis, taking into account the effects of device

geometry and process parameters. BSIM3v3.2 considers the following physical

phenomena observed in MOSITET devices [1]:

Short and narrow channel effects on threshold voltage.

Non-uniform doping effect (in both lateral and vertical directions).
Mobility reduction due to vertical field.
Bulk charge effect.

Velocity saturation.
Drain-induced barrier lowering (DIBL).

Channel length modulation (CLM),
Substrate current induced body effect (SCBE),
Subthreshold conduction.

Source/drain parasitic resistances.

2.1 Non-Uniform Doping and Small Channel
Effects on Threshold Voltage

Accurate modeling of threshold voltage (V,;,) is one of the most important

requirements for precise description of device electrical characteristics. In

addition, it serves as a useful reference point for theevaluation of device operation

regimes. By using threshold voltage, the whole device operation regime can be

divided into three operational regions.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

First, if the gate voltage is greater than the threshold voltage, the inversion charge

density is larger than the substrate doping concentration andMOSFET is operating

in the strong inversion region and drift current is dominant. Second, if the gate

voltage is smaller than Vf}p the inversion charge density is smaller than the

substrate doping concentration. The transistor is considered to be operating in the

weak inversion (or subthreshold) region. Diffusion current is now dominant [2].

Lastly, if the gate voltage is very closeto the inversion charge density is close

to the doping concentration and the MOSFETis operating in the transition region.

In such a case, diffusion and drift currents are both important.

For MOSFET's with long channel length/width and uniform substrate doping

concentration, is given by [2]:

(2.1.1)

=VpB+3>, =v™„,+y(V5^-V^)

where Vpg is the flat band voltage, Vrtdeai the threshold voltage of the long

channel device at zero substrate bias, and y is the body bias coefficient and is given

by:

(2.1.2)

ĉ
ox

where N„ is the substrate doping concentration. The surface potential is given by:

(2.1.3)

k T
O. =2^1n'N.. ^
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Non-Uniform Doping and Smali Channei Effects on Threshoid Voitage

Equation (2.1.1) assumes that the channel is uniform and makes use of the one

dimensional Poisson equation in the vertical direction of the channel. This model

is valid only when the substrate doping concentration is constant and the channel

length is long. Under these conditions, the potential is uniform along the channel.

Modifications have to be made when the substrate doping concentration is not

uniform and/or when the channel length is short, narrow, or both.

2.1.1 Vertical Non-Uniform Doping Effect

The substrate doping profile is not uniform in the vertical direction as

shown in Figure 2-1.

g

"cS

a>
o

o

O

o

O

<D

"To

CO

t
X

Approximation

Distribution

^ Substrate Depth

Figure 2-1. Actual substratedoping distribution and its approximation.

The substrate doping concentration is usually higher near the Si/Si02

interface (due to Vfh adjustment) than deep into the substrate. The

distribution of impurity atoms inside the substrate is approximately a half
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

gaussian distribution, as shown in Figure 2-1. This non-uniformity will

make y in Eq. (2.1.2) a function of the substrate bias. If the depletion

width is less than Xfas shown in Figure 2-1, in Eq. (2.1.2) is equal to

N(^, otherwise it is equal to

In order to take into account such non-uniform substrate doping profile, the

following Vfh model is proposed:

(2.1.4)

V,„ -V,.,

For a zero substrate bias, Eqs. (2.1.1) and (2.1.4) give the same result.

and K2 can be determined by the criteria that V,h and its derivative versus

Vf,, should be the same at Vi,„„ where is the maximum substrate bias

voltage. Therefore, using equations (2.1.1) and (2.1.4), Ki and K2 [3] will

be given by the following:

where y^ and 72 are body bias coefficients when the substrate doping

concentration are equal to and respectively:

(2.1.7)

si ^ch
Yi = 7;

(2.1.5)

(2.1.6)
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

(2.1.8)

'OX

Vi,^ is the body bias when the depletion width is equal to Xj. Therefore,

satisfies:

_y

2e.

(2.1.9)

If the devices are available, ^"1 and Kj can be determined experimentally. If

the devices are not available but the user knows the doping concentration

distribution, the user can input the appropriate parameters to specify

doping concentration distribution (e.g. N^h, Nvufc ^nd X,). Then, Ki and K2

can be calculated using equations (2.1.5) and (2.1.6).

2.1.2 Lateral Non-Uniform Doping Effect

For some technologies, the doping concentration near the source/drain is

higher than that in the middle of the channel. This is referred to as lateral

non-uniform doping and is shown in Figure 2-2. As the channel length

becomes shorter, lateral non-uniform doping will cause Vffj to increase in

magnitude because the average doping concentration in the channel is

larger. The average channel doping concentration can be calculated as

follows:
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

N^X^-2L^)+Npocket2L^
L " l' N„

(2.1.10)

Due to the lateral non-uniform doping effect, Eq. (2.1.4) becomes:

v., =v,„„ +k,{^<s>,-v„-4^)-k,v„
(2.1.11)

Eq. (2.1.11) can be derived by setting = 0, and using /C, The

fourth term in Eq. (2.1.11) is used to model the body bias dependence of

the lateral non-uniform doping effect. This effect gets stronger at a lower

body bias. Examination of Eq. (2.1.11) shows that the threshold voltage

will increase as channel length decreases [3].

Figure 2-2. Lateral doping profile is non-uniform.
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Non-Uniform Doping and Smaii Channei Effects on Threshoid Voitage

2.1.3 Short Channel Effect

The threshold voltage of a long channel device is independent of the chan

nel length and the drain voltage. Its dependence on the body bias is given by

Eq. (2.1.4). However, as the channel length becomes shorter, the threshold

voltage shows a greater dependence on the channel length and the drain

voltage. The dependence of the threshold voltage on the body bias becomes

weaker as channel length becomes shorter, because the body bias has less

control of the depletion region. The short-channel effect is included in the

model as:

(2.1.12)

v., = v,„ + K, Ky^

+ K.

where AV,/, is the threshold voltage reduction due to the short channel

effect. Many models have been developed to calculate AV,;,. They used

either numerical solutions [4], a two-dimensional charge sharing approach

[5,6], or a simplified Poisson's equation in the depletion region [7-9]. A

simple, accurate, and physical model was developed by Z. H. Liu et al

[10]. This model was derived by solving the quasi 2D Poisson equation

along the channel. This quasi-2D model concluded that:

(2.1.13)

av„=0„(lX2(v«-«I'J+v,J

where Vy, is the built-in voltage of the PN junction between the source and

the substrate and is given by
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

V,,
q

(2.1.14)

where in is the source/drain doping concentration with a typical value of

around i x cm'̂ . The expression is a short channel effect

coefficient, which has a strong dependence on the channel length and is

given by:

(2.1.15)

0^/, (L) = [exp(-L/2/,) + 2exp(-L//,)]

Ifis referred to as the characteristic lengthand is given by

(2.1.16)

7—l^si^ox^dep
' ~ V

X^ep is the depletion width in the substrate and is given by

(2.1.17)

|2£.,(1>..-V>.)
lN,u

Xjgp is larger near the drain than in the middle of the channel due to the

drain voltage. X^^^ / r\ represents the average depletion width along the

channel.

Based on the above discussion, the influences of drain/source charge

sharing and DIBL effects onVfh are described by (2.1.15). In order to make

the model fit different technologies, several parameters such as D^,q, Dy,2,
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

Dsub, EtaO and Etab are introduced, and the following modes are used to

account for charge sharing and DIBL effects separately.

= D,,o[exp(-Am L/21,) + 2exp(-Am ^ /1,)]

av,„{2:)=0„(lXv.,-<!>.,)

^ox

^Ml <̂> = [exp(-A«/, ^ / 2/,o) + 2exp(-Av„/, ^ / L)]

AVihiVds) = Qjibli L){EtaO + EudMsjVdx

(2.1.18)

(2.1.19)

(2.1.20)

(2.1.21)

(2.1.22)

where /,o is calculated by Eq. (2.1.20) at zero body-bias. is basically

equal to l/(r|)''̂ in Eq. (2.1.16). A'/2 is introduced to take care of the

dependence of the doping concentration on substrate bias since the doping

concentration is not uniform in the vertical direction of the channel. is

calculated using the doping concentration in the channel (A/,)- ^uO'

A'/hAfZ' and Dsub, which are determined experimentally, can

improve accuracy greatly. Even though Eqs. (2.1.18), (2.1.21) and (2.1.15)

have different coefficients, they all still have the same functional forms.

Thus the device physics represented by Eqs. (2.1.18), (2.1.21) and (2.1.15)

are still the same.
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Non-Uniform Doping and Smaii Channei Effects on Threshoid Voitage

As channel length L decreases, AV,/, will increase, and in turn V,/, will

decrease. If a MOSFET has a LDD structure, in Eq. (2.1.14) is the

doping concentration in the lightly doped region. V^,, in a LDD-MOSFET

will be smaller as compared to conventional MOSFET's; therefore the

threshold voltage reduction due to the short channel effect will be smaller

in LDD-MOSFETs.

As the body bias becomes more negative, the depletion width will increase

as shown in Eq. (2.1.17). Hence AV,/, will increase due to the increase in /,.

The term:

will also increase as becomes more negative (for NMOS). Therefore,

the changes in

^TiJeal ^1V^* ^hx '̂̂ hs

and in AV,/, will compensate for each other and make V,/, less sensitive to

This compensation is more significant as the channel length is

shortened. Hence, the V,/, of short channel MOSFET's is less sensitive to

body bias as compared to a long channel MOSFET. For the same reason,

the DIBL effect and the channel length dependence of V,/, are stronger as

V/,, is made more negative. This was verified by experimental data shown

in Figure 2-3 and Figure 2-4. Although Liu et al. found an accelerated V,/,

roll-off and non-linear drain voltage dependence [10] as the channel

became very short, a linear dependence of V,/, on is nevertheless a good

approximation for circuit simulation as shown in Figure 2-4. This figure

shows that Eq. (2.1.13) can fit the experimental data very well.
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

Furthermore, Figure 2-5 shows how this model can fit various channel

lengths under various bias conditions.

1.2

L- 0.35unn

1.0 -

Vb- -3V

O.B

0.6

Vhs (V)

Figure 2-3. Threshold voltage versus the drain voltage at different body biases.
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Figure 2-4. Channel length dependence of threshold voltage.
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Non-Uniform Doping and Smaii Channei Effects on Threshoid Voitage

2-12
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Figure 2-5. Threshold voltage versus channel length at different biases.

2.1.4 Narrow Channel Effect

The actual depletion region in the channel is always larger than what is

usually assumed under the one-dimensional analysis due to the existence of

fringing fields [2]. This effect becomes very substantial as the channel

width decreases and the depletion region underneath the fringing field

becomes comparable to the "classical" depletion layer formed from the

vertical field. The net result is an increase in It is shown in [2] that this

increase can be modeled as:

(2.1.23)

d max

2C...W W
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Non-Uniform Doping and Small Channel Effects on Threshold Voltage

The right hand side of Eq. (2.1.23) represents the additional voltage

increase. This change in Vfh is modeled by Eq. (2.1.24a). This formulation

includes but is not limited to the inverse of channel width due to the fact

that the overall narrow width effect is dependent on process (i.e. isolation

technology) as well. Hence, parameters K^hj and Wo are introduced as

(2.1.24a)

V 3 3» *

is the effective channel width (with no bias dependencies), which will

be defined in Section 2.9. In addition, we must consider the narrow width

effect for small channel lengths.To do this we introduce the following:

Dvtow
, r. Weff'Leff . . ^ ^ _ Weff'Leff ^exp(-DvTiw ) + 2exp(-DvThx )

2ltw Inv

(2.1.24b)

(Vbi-0s)

When all of the above considerations for non-uniform doping, short and

narrow channel effects on threshold voltage are considered, the final

complete Vfjj expression implemented in SPICE is as follows:
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(2.1.25)

Vr/i ~^IhOox ^lux '"V^Jt ^hsrff ^2iix^h.\rff

+ K.

-D.

-A,

exp

exp -D,

\ V

r (

exp -A

_n i:5L
2/

-o.

2L
+ 2exp -A„

tV^L

L
(V«-<!>,)

11
+ 2exp -A. (V«-4>.)

+ 2exp
A.)

-D (l^Wd ^tdShxtS Vrfi
//

where 7,,,. dependence is introduced in the model parameters ATj and ^^2 to

improve the scalibility of V,/, model with respect to Ki,,^ and K2„x

are modeled as

^m>x ~K/io '"n/^

and

= K,

K.,,, = K,

o.xm

7..

7„„„ is the gate oxide thickness at which parameters are extracted with a

default value of T„^.

In Eq. (2.1.25), all terms have been substituted with a expression

as shown in Bq. (2.1.26). This is done in order to set an upper bound for the

body bias value during simulations since unreasonable values can occur if

this expression is not introduced (seeSection 3.8 for details).
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(2.1.26)

Vhseff = Vhc +0.5[V/».v- Vhc-Si +^iVh-Vhc-S\f -46^Vhc ]

where 5i = 0.001. The parameter is the maximum allowable Vi,^ value

and is calculated from the condition of dVtf/dVij^=0 for the V,/, expression

of 2.1.4, 2.1.5, and 2.1.6, and is equal to;

' 4k:-
V,, =0.9

2.2 Mobility Model

A good mobility model is critical to the accuracy of a MOSFET model. The

scattering mechanisms responsible for surface mobility basically include phonons,

coulombic scattering, and surface roughness [11, 12]. For good quality interfaces,

phonon scattering is generally the dominant scattering mechanism at room

temperature. In general, mobility depends on many process parameters and bias

conditions. For example, mobility depends on the gate oxide thickness, substrate

doping concentration, threshold voltage, gate and substrate voltages, etc. Sabnis

and Clemens [13] proposed an empirical unified formulation based on the concept

of an effective field which lumps many process parameters and bias conditions

together. defined by

(2.2.1)

T-

The physical meaning of Eg^ can be interpreted as the average electrical field

experienced by the carriers in the inversion layer [14]. The unified formulation of

mobility is then given by
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(2.2.2)

l^eff
Mo

l+(%/'E0)'

Values for iIq, ^O' ^ reportedby Liang et ai [15] and Toh et al. [16] to be

the following for electrons and holes

Parameter Electron (surface) Hole (surface)

Po (c/«^/V) 670 160

Eq (MV/cm) 0.67 0.7

V 1.6 1.0

Table 2-1. Typical mobility values for electrons and holes.

For an NMOS transistor with n-type poly-silicon gate, Eq. (2.2.1) can be rewritten

in a more useful form that explicitly relates to the device parameters [14]

(2.2.3)

p ~ ss
+ v;th

6Zox

Eq. (2.2.2) fits experimental data very well [15], but it involves a very time

consuming power function in SPICE simulation. Taylor expansion Eq. (2.2.2) is

used, and the coefficients are left to be determined by experimental data or to be

obtained by fitting the unified formulation. Thus, we have
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(mobMod=I) (2.2.4)

lJUff =

\+(Ua +UcVb„M^^ +2V,h^ ^ +2V,>y
Tox Tox

where Vgst^ygs-^th To account for depletion mode devices, another mobility

model option is given by the following

(mobMod=2) (2.2.5)
1^'

f^*JJ — y y
1+(U.. UcVi.«g)(-^) +Uh(-^)-

Tox Tox

The unified mobility expressions in subthreshold and stronginversion regions will

be discussed in Section 3.2.

To consider the body bias dependence of Eq. 2.2.4 further, we have introduced the

following expression:

(For mobMod=3) (2.2.6)

^ ]+[[/»(V ](i +VcVh,,!,)
Tox Tox

2.3 Carrier Drift Velocity

Carrier drift velocity is also one of the most important parameters. The following

velocity saturationequation [17] is used in the model
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(2.3.1)

E<Esat

= Vsat'>
E>Esat

The parameter corresponds to the critical electrical field at which the carrier

velocity becomes saturated. In order to have a continuous velocity model at £ =

must satisfy:

F = —-^5/^sat
f^eff

(2.3.2)

2.4 Bulk Charge Effect

When the drain voltage is large and/or when the channel length is long, the

depletion "thickness" of the channel is non-uniform along the channel length. This

will cause to vary along the channel. This effect is called bulk charge effect

[14].

The parameter, is used to take into account the bulk charge effect. Several

extractedparameters such as Aq, Bq, are introduced to account for the channel

length and width dependences of the bulk charge effect. In addition, the parameter

Keta is introduced to model the change in bulk charge effect under high substrate

bias conditions. It should be pointed out that narrow width effects have been

considered in the formulation of Eq. (2.4.1). The A^expression is given by

(2.4.1)

i+-

f /

^ \ygsteg\

v2 \

-4#

l^+2^X,X^

W

1

\+KetaX,xrff
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where Aq, Agg, Bq, and Keta are determined by experimental data. Eq. (2.4.1)

shows that is very close to unity if the channel length is small, and

increases as channel length increases.

2.5 Strong Inversion Drain Current (Linear
Regime)

2.5.1 Intrinsic Case (R(^0)

In the strong inversion region, the general current equation at any point y

along the channel is given by

(2.5.1)

I,s='̂ C,JV^,,-AHul,Viy))Viy)

The parameter Vg^f = (Vgj - Vth^. ^ is the device channel width, is the
gate capacitance per unit area, V(y) is the potential difference between

minority-carrier quasi-Fermi potential and the equilibrium Fermi potential

in the bulk at point y, v(y) is the velocity of carriers at point y.

With Eq. (2.3.1) (i.e. before carrier velocity saturates), the drain current can

be expressed as

I,. = -V„ - l + £(v)/E,

Eq. (2.5.2) can be rewritten as follows

(2.5.2)
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E(y) =

(2.5.3)

_dViy)

gSl

By integrating Eq. (2.5.2) from y = 0 to y = L and V(y) = 0 to y(y) =

we arrive at the following

(2.5.4)

(V,,-V„ -

The drain current model in Eq. (2.5.4) is valid before velocity saturates.

For instances when the drain voltage is high (and thus the lateral electrical

field is high at the drain side), the carrier velocity near the drain saturates.

The channel region can now be divided into two portions: one adjacent to

the source where the carrier velocity is field-dependent and the second

where the velocity saturates. At the boundary between these two portions,

the channel voltage is the saturation voltage {Vdsat^ lateral

electrical is equal to ^sav After the onset of saturation, wecan substitute v

= and (2-5.1) to get the saturation current:

(2.5.5)

By equating eqs. (2.5.4) and (2.5.5) at E = E,a, and can

solve for saturation voltage Vfjisat

(2.5.6)

Aw^,„,L + (V -VJ
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2.5.2 Extrinsic Case (/?^0)

Parasitic source/drain resistance is an important device parameter which

can affect MOSFET performance significantly. As channel length scales

down, the parasitic resistance will not be proportionally scaled. As a result,

R^mU have a moresignificant impact on device characteristics. Modeling

of parasitic resistance in a direct method yields a complicated drain current

expression. In order to make simulations more efficient, the parasitic

resistances is modeled such that the resulting drain current equation in the

linear region can be calculateed [3] as

/ - Kls
^ch ^ds

(2.5.9)

_ W 1 ^hulk ^ds
'"Tl+Vrf.,„ IV (V -^hulk VdJ^)IV ^ c,„ ^ 1+V^,/(£.„,£)

Due to the parasitic resistance, the saturation voltage Vdsat larger

than that predicted by Eq. (2.5.6). Let Eq. (2.5.5) be equal to Eq. (2.5.9).

V^sat parasitic resistance becomes

(2.5.10)

_-b-^lb^ -4ac
dsat 2^

The following are the expression for the variables a, b, and c:
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(2.5.11)

1_
A

« = + i--])Ahuik

b——(Vir.v/( ^ 1) + L+3 )

^ ~ ^sat^^gst
A = i4iV;f.v» + Ai

The last expression for Xis introduced to account for non-saturation effect

of the device. The parasitic resistance is modeled as:

(2.5.11)

(io'w,^f

The variable Rdsw ^^ the resistance per unit width, W^is a fitting parameter,

P^and P^are the body bias and the gate bias coeffecients, repectively.

2.6 Strong Inversion Current and Output
Resistance (Saturation Regime)

A typical I-V curve and its output resistance are shown in Figure 2-6. Considering

only the drain current, the I-V curve can be divided intotwoparts: the linearregion

in which the drain current increases quickly with the drain voltage and the

saturation region in which the drain current has a very weak dependence on the

drain voltage. The first order derivative reveals more detailed information about

the physical mechanisms which are involved during device operation. The output

resistance (which is the reciprocal of the first order derivative of the I-V curve)
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curve can be clearly divided into four regions with distinct vs.

dependences.

The first region is the triode (or linear) region in which carrier velocity is not

saturated. The outputresistance is verysmall because the drain currenthas a strong

dependence on the drain voltage. The other three regions belong to the saturation

region. As will be discussed later, there are three physical mechanisms which

affect the output resistance in the saturation region: channel length modulation

{CLM) [4, 14], drain-induced barrier lowering (DIBL) [4, 6, 14], and the substrate

current induced body effect (SCBE) [14, 18, 19]. All three mechanisms affect the

output resistance in the saturation range, but each of them dominates in only a

single region. It will be shown next that channel length modulation (CLM)

dominates in the second region, DIBL in the third region, and SCBE in the fourth

region.

Triode

qOOOq

Vds (V)

o
3*

3
U)

Figure 2-6. General behavior ofMOSFEToutput resistance.
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strong Inversion Current and Output Resistance (Saturation Regime)

Generally, drain current is a function of the gate voltage and the drain voltage. But

the drain current depends on the drain voltage very weakly in the saturation region.

A Taylor series can be used to expand the drain current in the saturation region [3].

(2.6.1)

lds(VgM = rds(Vgs'Vdsa,)+ (Vd, - Vd,„,)

_ r /I . ^ds ^dsat \
= + ^7 f

V A

where

(2.6.2)

^dsat ~ ^d5^^g5,^dsat) ~ ^^sat^ox^^gst ~ ^bulk ^dsat)

and

(2.6.3)

VA =Idsa,(^r^
oVds

The parameter is called the Early voltage and is introduced for the analysis of

the output resistance in the saturation region. Only the first order term is kept in the

Taylor series. We also assume that the contributions to the Early voltage from all

three mechanisms are independent and can be calculated separately.
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2.6.1 Channel Length Modulation (CLM)

If channel length modulation is the only physical mechanism to be taken

into account, then according to Eq. (2.6.3), the Early voltage can be

calculated by

(2.6.4)

\-l ^bulk^sat '̂̂ ^gst f d AL

where AL is the length of the velocity saturation region; the effective

channel length is L-AL. Based on the quasi-two dimensional

approximation, derived as the following

\ulk^sat^'^^gst
^ACLM = : - ^dsat)

^bulk^sat^

where VacLM Voltage due to channel length modulation alone.

The parameter Pcim introduced into the ^aCLM expression not only to

compensate for the error caused by the Taylor expansion in the Early

voltage model, but also tocompensate for the error inXj since /oc JXj

and the junction depth Xj can not generally be determined very accurately.

Thus, the V^rjA/fbecame

(2.6.6)

1 ^bulk^sat '̂̂ ^gst .y y .
^ACLM = -^ -A F"I y^ds - ^dsat)

"elm ^bulk ^sat'

(2.6.5)
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2.6.2 Drain-Induced Barrier Lowering (DIBL)

As discussed above, threshold voltage can be approximated as a linear

function of the drain voltage. According to Eq. (2.6.3), the Early voltage

due to the DIBL effect can be calculated as:

V =/,
^ADIBLC , r ^dV^dV,,

{Vgxieff+2Vi)
VAaBLC= -

Onmt{1+ PaBUOBVbxeff)

AbuIkVdttB

V AhtdkVdsca 4" + 2v^

(2.6.7)

During the derivation of Eq. (2.6.7), the parasitic resistance is assumed to

be equal to 0. As expected, Vadiblc is a strongfunction of L as shownin Eq.

(2.6.7). As channel length decreases, Vadiblc decreases very quickly. The

combination of the CLM and DIBL effects determines the output resistance

in the third region, as was shown in Figure 2-6.

Despite the formulation of these two effects, accurate modeling of the

output resistance in the saturation region requires that the coefficient

^ihiL) be replaced by 0^^„;(L). Both 0^/j(L) and

channel length dependencies but different coefficients. The expression for

(2.6.8)

^ roul (I') ~ ^libic] L / eXp(—L / /,)]+ Pjjhic2

Parameters P^ibid, Pdiblc2^ ^dK^^nd are introduced to correct for

DIBL effect in the strong inversion region. The reason why D^jq is not
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equal to Pdiblc\ ^vt\ ^rout because the gate voltage

modulates the DIBL effect. When the threshold voltage is determined, the

gate voltage is equal to the threshold voltage. But in the saturation region

where the output resistance is modeled, the gate voltage is much larger than

the threshold voltage. Drain induced barrier lowering may not be the same

at different gate bias. Pdiblcl usually very small (may be as small as

8.0E-3). If Pdiblcl pieced into the threshold voltage model, it will not

cause any significant change. However it is an important parameter in

^ADiBL for long channel devices, because Pdiblcl be dominant in Eq.

(2.6.8) if the channel is long.

2.6.3 Current Expression without Substrate Current Induced
Body Effect

In order to have a continuous drain current and output resistance

expression at the transition point between linear and saturation region, the

1/4^ parameter is introduced into theEarly voltage expression.

Early Voltage at Vdsat as follows:

^Asat

(2.6.9)

^sat^ ^dsat ^Pds^sat^ox^^^gst ^bulk^ds ^^)
^ ^bulk^ds^sat^ox^

Total Early voltage, can be written as

V. =Vam +(^— +—!—)"'
^ V V

^ACLM ^ADIBL

(2.6.10)
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The complete (with no impact ionization at high drain voltages) current

expression in the saturation region is given by

(2.6.11)

U... = Wv,„, C,„ (V,„ - )(1 + )

Furthermore, anotherparameter, is introduced in to accountfor the

gate bias dependence of more accurately. The final expression for Early

voltage becomes

(2.6.12)

V. =v.,,„ +(1 + )(—+—!—)-'
EsatLeff VaCLM VaDIBLC

2.6.4 Current Expression with Substrate Current Induced Body
Effect

When the electrical field near the drain is very large (> O.lMV/cm), some

electrons coming from the source will be energetic (hot) enough to cause

impact ionization. This creates electron-hole pairs when they collide with

silicon atoms. The substrate current thus created during impact

ionization will increase exponentially with the drain voltage. A well known

model [20] is given as:

Isub= '̂dsal(Vds-Vdsa,)^ '̂P<~—rr^} ^
Bi ^ds " ^dsat

(2.6.13)
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The parameters A/ and Bi are determined from extraction. will affect

the drain current in two ways. The total drain current will change because it

is the sum of the channel current from the source as well as the substrate

current. The total drain current can now be expressed [21] as follows

— Idst
, (Vkv —Vt/.v<if)
1 A

Bi , Bil ,
—exp( )
A, Vds-Vdsu, .

(2.6.14)

The total drain current, including CLM, DIBL and SCBE, can be written as

(2.6.15)

where V^scbe '̂̂ o be called as the Early voltage due to the substrate

current induced body effect. Its expression is the following

B> . Bil ,
Vascbe = —exp( )

Ai Vds-Vdsu,

(2.6.16)

From Bq. (2.6.16), we can see that Vascbe a strong function of In

addition, we also observe that Vascbe small only when is large. This

is why SCBE is important for devices with high drain voltage bias. The

channel length and gateoxide dependence of Vascbe comesfrom and

/. We replace Bi with PSCBE2 and Ai/Bi with PSCBE\/L to yield the

following expression for Vascbe
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(2.6.17)

1 ^ PsCBEl gxp(_
^ASCBE ^ ^ds ~ ^dsat

The variables Psche\ ^scbel determined experimentally.

2.7 Subthreshold Drain Current

The drain current equation in the subthresholdregion can be expressed as [2, 3]

(2.7.1)

V,

(2.7.2)

I

° If, '

Here the parameter v^is the thermal voltage and is given by K^/q. the

offset voltage, as discussed in Jeng's dissertation [18]. V^is an important

parameter which determines the drain current at Vg^ = 0. In Eq. (2.7.1), the

parameter n is the subthreshold swing parameter. Experimental data shows that the

subthreshold swing is a function of channel length and the interface state density.

These two mechanisms are modeled by the following

(2.7.3)

(Cjsc +CdscdVds +Cdsch Vhsiffiexp(-£KTi—)+2exp{-Dvri—) | _
, O . V 2// It ), Ot

n = l+iNJtoor—+ — H
C<« Cox C<Mr

where the term
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(C</.vf +CdmiVds +Cdsch exp(-Dwi^) +2exp(-Dvri^)
V 2li It

represents the coupling capacitance between the drain or source to the channel.

The parameters ^dscd and are extracted. The parameter Cif in Eq. (2.7.3)

is the capacitance due to interface states. From Eq. (2.7.3), it can be seen that

subthreshold swing shares the same exponential dependence on channel length as

the DIBL effect. The parameter Nfactor is introduced to compensate for errors in

the depletion width capacitance calculation. Nfactor is determined experimentally

and is usually very close to 1.

2.8 Effective Channel Length and Width

The effective channel length and width used in all model expressions is given

below

(2.8.1)

Left' —Ldrawn —2dL

(2.8.2a)

Weff = Wdrawn IdW

(2.8.2b)

— M/drawn — 2(fW

The only difference between Eq. (2.8.1a) and (2.8.1b) is that the former includes

bias dependencies. The parameters dW and dL are modeled by the following
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dW =dW+dW^V^,,„^+dW,{j9,-v^ -^)

dw=w.im jWXa'̂ V/wn

- T J- 4. ^ 4.CtLt — i-j'tni "J" r 1- ' r..... ^""int jJ^Xvi'̂ Lwn

(2.8.3)

(2.8.4)

These complicated formulations require some explanation. From Eq. (2.8.3), the

variable models represents the tradition manner from which "delta W" is

extracted (from the intercepts of straights lines on a 1//?^ vs. The

parameters dWg and dWi^ have been added to account for the contribution of both
front gate and back side (substrate) biasing effects. For dL, the parameter

represents the traditional manner from which "delta L" is extracted (mainly from

the mfercepts of lines from a vs. L^jfown P^^O-

The remaining terms in both dWand dL are included for the convenience of the

user. They are meant to allow the user to model each parameter as a function of

^drcMiP ^drcmt ^heir associated product terms. In addition, the freedom to
model thesedependencies as otherthan just simple inverse functions of WandL is

also provided for the user. FordW, they are Win and Wwn. FordLthey are Lin and

Lwn.

By default all of the above geometrical dependencies for both dW and dL are

turned off. Again, theseequations are provided for the convenience of the user. As

such, it is up to the user to adopt the correct extraction strategy to ensure proper

use.
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2.9 Poly Gate Depletion Effect

When a gate voltage is applied to a heavily doped poly-silicon gate, e.g. NMOS

with n"^ poly-silicon gate, a thin depletion layer will be formed at the interface

between the poly-silicon and gate oxide. Although this depletion layer is very thin

due to the high doping concentration of the poly-Si gate, its effect cannot be

ignored in the 0.1pm regime since the gate oxide thickness will also be very small,

possibly 50A orthinner.

Figure 2-7 shows an NMOSFET with a depletion region in the n"^ poly-silicon

gate. The doping concentration in the n"*" poly-silicon gate is Ng^te and the doping

concentration in the substrate is The gate oxide thickness is The depletion

width in the poly gate is Xp. The depletion width in the substrate is Xj. If we

assume the doping concentration in the gate is infinite, then no depletion region

will exist in the gate, and there would be one sheet of positive charge whose

thickness is zero at the interface between the poly-silicon gate and gate oxide.

In reality, the doping concentration is, of course, finite. The positive charge near

the interface of the poly-silicon gate and the gate oxide is distributed over a finite

depletion region with thickness Xp. In the presence of the depletion region, the

voltage drop across the gate oxide and the substrate will be reduced, because part

of the gate voltage will be dropped across the depletion region in the gate. That

means the effective gate voltage will be reduced.
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Poly Gate Depletion (Width Xp)

n

P Nsub

Inversion Charge Depletion In Substrate (Width Xd)

B

Figure 2-7. Charge distribution in a MOSFET with the poly gate depletion effect.
The device is in the strong inversion region.

2-34

The effective gate voltage can be calculated in the following manner. Assume the

doping concentration in the poly gate is uniform. The voltage drop in the polygate

(Vp„iy) can becalculated as

(2.9.1)

^poly - 2 ^ poly^poly 2e
SI

where Ep„iy is the maximum electrical field in the poly gate. The boundary

condition at the interface of poly gate and the gate oxide is

(2.9.2)

^ox^ox ~ ^si^poly ^poly
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where is the electrical field in the gate oxide. The gate voltage satisfies

(2.9.3)

y -V -O =V . +V
gs FB X poly ox

where is the voltage dropacross the gate oxide and satisfies ^ox ^ox'̂ o.

According to theequations (2.9.1) to (2.9.3), weobtain thefollowing

(2.9.4)

where (2.9.5)

a =

By solving the equation (2.9.4), we get the effective gate voltage (V^,_,^) which is

equal to:

V =V,-„+<I> +
gat7ox

Q^si^guJox

(2.9.6)

Figure 2-8 shows versus the gate voltage. The threshold voltage is

assumed to be 0.4V. If = 40 A, theeffective gate voltage canbe reduced by 6%

due to the poly gate depletion effect asthe applied gate voltage is equal to 3.5V.
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Figure 2-8. The effective gate voltage versus applied gate voltage at different gate
oxide thickness.

The drain current reduction in the linear region as a function of the gate voltage

can now be determined. Assume the drain voltage is very small, e.g. 50mV. Then

the linear drain current is proportional to The ratio of the linear drain

current with and without poly gate depletion is equal to:

^ds^^gs_ejf ) _ ^^gs_ejf ^th )

Jds(Vgs) (Vg.-V,/,)

(2.9.7)

Figure 2-9 shows IdsiVss.eff) / versus the gate voltage using Eq. (2.9.7). The

drain current can be reduced by several percent due to gate depletion.
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Figure 2-9. Ratio oflinear region current with poly gate depletion effect and that
without.
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CHAPTER 3: Unified I-V Model

The development of separate model expressions for such device operation regimes as

subthreshold and strong inversion were discussed in Chapter 2. Although these

expressions can accurately describe device behavior within their own respective region of

operation, problems are likely to occur between two well-described regions or within

transition regions. In order to circumvent this issue, a unified model should be synthesized

to not only preserve region-specific expressions but also to ensure the continuities of

current and conductance and their derivatives in all transition regions as well. Such high

standards are kept in BSIM3v3.2 . As a result, convergence and simulation efficiency are

much improved.

This chapter will describe the unified I-V model equations. While most of the parameter

symbols in this chapter are explained in the following text, a complete description of all I-

V model parameters can be found in Appendix A.

3.1 Unified Channel Charge Density
Expression

Separate expressions for channel charge density are shown below for subthreshold

(Eq. (3.1.1a) and (3.1.1b)) and strong inversion (Eq. (3.1.2)). Both expressions are

valid for small V^.
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Unified Channel Charge Density Expression

where Qq is

Qciuuhso = goexp( )
nvi

IqEsiNch Voff

\ 20.f nvt

QchsO —C»Jt( Vjf.v —Vir/i)

(3.1.1a)

(3.1.1b)

(3.1.2)

In both Eqs. (3.1.1a) and (3.1.2), the parameters QchsubsO QchsO the channel

charge densities at the source for very small Vds. To form a unified expression, an

effective {Vg^Vfij) function named V^^^^is introduced to describe the channel
charge characteristics from subthreshold to strong inversion

2 n vi In

Vx.wr// =

1+ exp(— )
2 n vi

(3.1.3)

, . ^ 20.« , V,s-V.H.2V..ff^1+ 2/2 Cox —- exp( )
\ qEsiNch 2 n v»

The unified channel charge density at the source end for both subthreshold and

inversion region can therefore be written as

(3.1.4)

QjisO —CoxVgsi^

Figures 3-1 and 3-2 show the "smoothness" of Eq. (3.1.4) from subthreshold to

strong inversion regions. The expression will be used again in subsequent

sections of this chapter to model the drain current.
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Figure 3-1. The Vgsj^function vs. {V^Vfh) in linear scale.
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Figure 3-2. V^s^function vs. in log scale.
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Unified Channel Charge Density Expression

Eq. (3.1.4) serves as the cornerstone of the unified channel charge expression at

the source for small V^. To account for the influence of the Vgsr^function

must keep track of the change in channel potential from the source to the drain. In

other words, Bq. (3.1.4) will have to include a y dependence. To initiate this

formulation, consider first the re-formulation of channel charge density for the

case of strong inversion

(3.1.5)

v) = G)x(Vss Vth AbulkVpiy))

The parameter Vp(y) stands for the quasi-Fermi potential at any given point y,

along the channel with respect to the source. Thisequation can alsobe written as

(3.1.6)

Qchs(\) —QchsO +

The term Aj2c/2s(y) is the incremental channel charge density induced by the drain

voltage at point y. It can be expressed as

(3.1.7)

AQchxiy) = —CoxAhulkVF(y)

For the subthreshold region the channel charge density along the

channel from source to drain can be written as

V^.T —Vth —AbulkVpiy)
Qchsiihs(\) —(2oGXp( )

nvt

^ , AhulkVF(y).
= Qchsuhioexpi )

nvt

(3.1.8)
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A Taylor series expansion of the right-hand side of Eq. (3.1.8) yields the following

(keeping only the first two terms)

(3.1.9)

nvt

Analogous to Eq. (3.1.6), Eq. (3.1.9) can also be written as

(3.1.10)

Qchsidxiy) —QjvubsO-\'AQjisiibsiy)

The parameter AQdmb^) 'S the incremental channel charge density induced by

the drain voltage in the subthreshold region. It can be written as

Â AhulkVF(y)A(2c/i.vi</>.v( v) — ^cfuaibsO
nvt

(3.1.11)

Note that Eq. (3.1.9) is valid only when Vj^) is very small, which is maintained

fortunately, due to thefact that Eq. (3.1.9) is only used in the linear regime (i.e.

^2v^).

Eqs. (3.1.6) and (3.1.10) both have drain voltage dependencies. However, they are

decupled and a unified expression for Qdfy) is needed. To obtain a unified

expression along the channel, we first assume

AQch(y) =

(3.1.12)

AQc/ii()•)A2t/i.vM/>.v( v)

A^f/i.v(y) "1" AQi/ixuh.t(y)

Here, AQdiy) is the incremental channel charge density induced by the drain

voltage. Substituting Eq. (3.1.7) and (3.1.11) intoEq. (3.1.12), we obtain
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Unified Mobility Expression

AQciii v) ——
Vb

(3.1.13)

where V^= order to remove any association between the

variable n and bias dependencies {Vggt^ as well as to ensure more precise

modeling of Eq. (3.1.8) for linear regimes (under subthreshold conditions), n is

replaced by 2. The expression for V^now becomes

V/,=

(3.1.14)

Vgsteff + 2V/

Ahulk

A unified expression for from subthreshold to strong inversion regimes is

now at hand

ec/,<,v)=2*0(1-^)
Vb

The variable Qch^ is given by Eq. (3.1.4).

(3.1.15)

3.2 Unified Mobility Expression

Unified mobility model based on the Vg^^expression ofEq. 3.1.3 is described in

the following.
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Unified Linear Current Expression

(mobMod=l) (3.2.1)

1 . /rr . rr T/ .̂Vftsleff + 2Vlh ^ ^ ^j ^Vgsfeff + 2Vlh ^21 + (^Ua + UcVbseff){ ) + Ub{ — )
Tox Tox

To account for depletion mode devices, another mobility model option is given by

the following

(mobMod = 2) (3.2.2)
^

~ Vgueff Vgsteff 5

Tox Tox

To consider the body bias dependence ofEq. 3.2.1 further, we have introduced the

following expression

(For mobMod = 3) (3.2.3)

^ 1+ (W+2V.* ^
Tox Tox

3.3 Unified Linear Current Expression

3.3.1 Intrinsic case

Generally, the following expression [2] is used to account forboth drift and

diffusion current
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Unified Linear Current Expression

dVF(y)
Id{\)— WQch(y)lLlne(y)

dy

where the parameter Ufj^) can be written as

l+A
Exal

Substituting Eq. (3.3.2) in Eq. (3.3.1) we get

dVF(y)
My) = Vygdi.v«(l ——) p —

Vh 1 , Av dy
1 +

Esat

Eq. (3.3.3) resembles theequation used to model drain current in thestrong

inversion regime. However, it can now be used to describe the current

characteristics in the subthreshold regime when V^is very small (V^2v^).

Eq. (3.3.3) can now be integrated from the source to drain to get the

expression for linear drain current in the channel. This expression is valid

from the subthreshold regime to the strong inversion regime

W/i<(rQctaoV41-—)
T 2Vb
IdxO = 77

(3.3.1)

(3.3.2)

(3.3.3)

(3.3.4)

3.g BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley



Unified Vdsat Expression

3.3.2 Extrinsic Case (R^ > 0)

The current expression when /?^> 0 can be obtained based on Eq. (2,5.9)

and Bq. (3.3.4). The expression for linear drain current from subthreshold

to strong inversion is:

^ Rdslds
1 +

(3.3.5)

3.4 Unified Expression

3.4.1 Intrinsic case (R^O)

To get an expression for the electric field as a function of y along the

channel, we integrate Eq. (3.3.1) from 0 to an arbitrary pointy. The result is

as follows

£:v =

(3.4.1)

Idso

Idso 2 lldsOWQchsOjleff y{WQchsofhff-—r ^ ^
Esiit Vb

If we assume that drift velocity saturates when Ey-Esat, we get the

following expression for 7^

Idsat —

(3.4.2)

^^HeffQcbsoEsatLVh

2L(Esa.L + Vh)
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Unified Vdsat Expression

Let Vd^Vdsat ^q. (3.3.4) and set this equal to Eq. (3.4.2), we get the

following expression for Vdsat

(3.4.3)
EsatL{Vgsleff + 2v»)

Vdsut —
AbttlkEsatL + Vgxteff + 2V;

3.4.2 Extrinsic Case (/?^>0)

The Vdsat expression for the extrinsic case is formulated from Bq. (3.4.3)

and Eq. (2.5.10) to be the following

b = -

-b- ylb^ -Aac
Vdsat —

2a

where

a = Ahtdk^WeffVsatCoxRoS + (— \) Ahulk
A

(3.4.4a)

(3.4.4b)

(3.4.4c)

(Vjf.v/fjfir + 2v7)( 1) "I" AhulkEsatLeff + 3Ahulk(Vgsteff + 2Vt^V^effVstilCoxRDS
A

(3.4.4d)

C= (Vgsieff + 2Vi)EsalLeff + 2{Vgsleff + 2Vi)^ WeffVsatCoxRoS

(3.4.4e)

A = AlVgsteff + Al
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Unified Saturation Current Expression

The parameter X is introduced to account for non-saturation effects.

Parameters Aj and A2 can be extracted.

3.5 Unified Saturation Current Expression

A unified expression for the saturation current from the subthreshold to the strong

inversion regime can be formulated by introducing the function into Eq.

(2.6.15). The resulting equations are the following

j Idxo(Vdsat) ^dsat^f^
^̂ Rdslds(){ Vdsat) ^ ^̂

Vds,

where

Vt/.v —Vdsai
+

Vascbe

V.=+(1++_L_)-•
EsatLeff VaCLM VaDIBLC

(3.5.1)

(3.5.2)

(3.5.3)

_ AhulkVdstil ^
EsatEeff + Vt/.Tflf 4" I.RosVsatCoxWe^f^stejfW J

„ _ 2(W + 2v,)
VAsat —

2 / A ~ 1+ RDSVsatCox^effAhulk

AbulkEsatLeff + Vgsieff .
VaCLM = ( Yds - Vdsat)

PCLhiAbulkEsat Htl

(3.5.4)
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(Vjj.vrQlf + 2V<) AhulkVdsat
Vadiblc 1 —

drout(\ + PoiBLCBVbseff) V AbulkVdsat + Vgsteff + 2Vt

(3.5.5)

(3.5.6)

= Pdiblc\
2/;0 ho

+ Pdwlci

1 Psche2 ( Psche\ Htl
exp

VaSCBE Leff \ Vds —Yds

(3.5.7)

3.6 Single Current Expression for All
Operating Regimes of and

3-12

The Vgs^^function introduced in Chapter 2gave aunified expression for the linear
drain current from subthreshold to strong inversion as well as for the saturation

drain current from subthreshold to strong inversion, separately. In order to link the

continuous linear current with that of the continuous saturation current, a smooth

function for is introduced. In the past, several smoothing functions have been

proposed for MOSFET modeling [22-24]. The smoothingfunction used in BSIM3

is similar to that proposed in [24]. The final current equation for both linear and

saturation current now becomes

Ids = j^Rdsldso( Vdseff) ^
Vdseff

Va

Idso(Vdseff) (\^ ~ If1+ ~Vdseff \
Vascbe )

(3.6.1)

Most of the previous equations which contain V^ and V^ dependencies are now

substituted with the V^^function. For example, Eq. (3.5.4) now becomes
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AbulkEsatLeff+Vgsteff .
VaCLM = ; {Vds —Vdseff)

PcLMAbuIkEsat Htl

Similarly, Eq. (3.5.7) now becomes

1 Pxchel

VaSCBE Leff
exp

The Vj3[y^expression is written as

—Pschel lit!

Vds —Vdseff

Vds^ —Viva 1Vitta Vds S+-J(Vdsa~Vds~5)^ -^ASVdsta^

(3.6.2)

(3.6.3)

(3.6.4)

The expression for is that given under Section 3.4. The parameter 5 is an

extracted constant. The dependence of V^^on V^ is given in Figure 3-3. The

V^^function follows V^ in the linear region and tends to in the saturation
region. Figure 3-4 shows theeffect of 5 on thetransition region between linear and

saturation regimes.
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3-14

O.O O-i—I—•—I—•—I—•—I—'—I—•—I

a Vgs=1V
o Vgs=3V

^ Vgs=5V

Vds (V)

Figure 3-3. V^^vs. for 5=0.01 and different

1.S-

dseff=Vdsat

i /
/Vdseff=Vds

\ \ ^5=0.05

\ ^6=0.01

^5=0.001
a>
to

0.5-

o.o

O.O 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.C

Vds (V)

Figure 3-4. V^^vs. for V^3Vand different 5values.
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Substrate Current

3.7 Substrate Current

The substrate current in BSIM3v3.2 is modeled by

At«/>
V -V^ ^dseff

dsO

I^ ^dx^dsO
dseff

(3.7.1)

where parameters Oq and Pq are impact ionization coefficients; parameter

improves the /^scalability.

3.8 A Note on

All Vfys terms have been substituted with a Vhseff expression as shown in Eq.

(3.8.1). This is done in order to set an upper bound for the body bias value during

simulations. Unreasonable values can occur if this expression is not introduced.

(3.8.1)

Vhseff = Vhc +0.5[ Vfev - Vhc- - 5l +yl{Vhs-Vhc-5i)~ -4S\Vhc ]

where 5]=0.001.

Parameter is the maximum allowable value and is obtained based on the

condition of dVfiJdV}js= 0 for the expressionof 2.1.4.
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CHAPTER 4: Capacitance Modeling

Accurate modeling of MOSFET capacitance plays equally important role as that of the

DC model. This chapter describes the methodology and device physics considered in both

intrinsic and extrinsic capacitance modeling in BSIM3v3.2. Detailed model equations are

given in Appendix B. One of the important features of BSIM3v3.2 is introduction of a

new intrinsic capacitance model (capMod=3 as the default model), considering the finite

charge thickness determined by quantum effect, which becomes more important for

thinner CMOS technologies. This model is smooth, continuous and accurate

throughout all operating regions.

4.1 General Description of Capacitance
Modeling

BSIM3v3.2 models capacitance with the following general features:

• Separate effective channel length andwidth are used forcapacitance models.
• The intrinsic capacitance models, capMod=0 and 1, use piece-wise equations.

capMod=2 and 3 are smooth and single equation models; therefore both charge and
capacitance are continous and smooth over all regions.

• Threshold voltage is consistent with DC part except for capMod=0, where a long-
channel Vfh is used. Therefore, those effects such as body bias, short/narrow channel
and DIBL effects are explicitlyconsidered in capMod=l, 2, and 3.

• Overlap capacitance comprises two parts: (1) a bias-independent component which
models the effective overlap capacitance between the gate and the heavily doped
source/drain; (2) a gate-bias dependent component between the gate and the lightly
doped source/drain region.
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Geometry Definition for C-V Modeling

Bias-independent fringing capacitances are added between the gate and source as well

as the gate and drain.

Name Function Default Unit

capMod Flag for capacitance models 3 (True)

acde Exponential coefficient for Xpc for accumulation and deple
tion regions

1 (mA^)

moin Coefficient for the surface potential 15 (V<>.5)

cgso Non-LDD region G/S overlap C per channel length Calculated F/m

cgdo Non-LDD region G/D overlap C per channel length Calculated F/m

CGSl Lightly-doped sourceto gateoverlap capacitance 0 (F/m)

CGDl Lightly-doped drain to gate overlapcapacitance 0 (F/m)

CKAPPA Coefficient for lightly-dopedoverlap capacitance 0.6

CF Fringing field capacitance equation
(4.5.1)

(F/m)

CLC Constant term for short channel model 0.1 |im

CLE Exponential term for shortchannel model 0.6

DWC Long channel gate capacitance widthoffset Wint pm

DLC Long channel gate capacitance length offset Lint |im

Table 4-1. Model parameters in capacitance models.

4.2 Geometry Definition for C-V Modeling

For capacitance modeling, MOSreX's can be divided into two regions: intrinsic

and extrinsic. The intrinsic capacitance is associated with the region between the

metallurgical source and drain junction, which is defined by the effective length
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Geometry Definition for C-V Modeling

inactive) and width {WacUve) when the gate to S/D region is at flat band voltage.
Lacuye^r\6. ^active defined by Eqs. (4.2.1) through (4.2.4).

^active ^drawn

c., L,lc Lwc Lwlc
- DLC + —TTT + +""ejf Vl^ Z/"'"W

" 'ff ^ jW\n ^

(4.2.1)

(4.2.2)

(4.2.3)

(4.2.4)

The meanings ofDWC and DLC are different from those of Wint and Lint in the 1-

V model. and W^aiye are the effective length and width of the intrinsic

device for capacitance calculations. Unlike the case with I-V, we assumed that

these dimensions have no voltage bias dependence. The parameter 5L^is equal to

the source/drain to gate overlap length plus the difference between drawn and

actual POLY CD due to processing (gate printing, etching and oxidation) on one

side. Overall, a distinction should be made between the effective channel length

extractedfrom the capacitance measurement and from the I-V measurement.

Traditionally, the L^extracted during I-V model characterization is used to gauge

atechnology. However this L^does not necessarily carry aphysical meaning. It is
just a parameter used in the I-V formulation. This L^is therefore very sensitive to

the I-V equations used and also to the conduction characteristics of the LDD
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region relative to the channel region. A' device with a large and a small

parasitic resistance can have a similar current drive as another with a smaller

but larger R^s- In some cases L^can be larger than the polysilicon gate length

giving L^Si dubious physical meaning.

The Lactive parameter extracted from the capacitance method is a closer

representation of the metallurgical junction length (physical length). Due to the

graded source/ drain junction profile the source to drain length can have a very

strong bias dependence. We therefore define l^at measured at gate to

source/drain flat band voltage. If DWC, DLC and the newly-introduced length/

width dependence parameters {Lie, Lwc, Lwlc, Wlc, Wwc and Wwlc) are not

specified in technology files, BSIM3v3.2 assumes that the DC bias-independent

L^and W^(Eqs. (2.8.1) - (2.8.4)) will be used for C-V modeling, and DWC,
DLC,Lie, Lwc, Lwlc, Wlc, Wwc and Wwlc will be set equal to the values of their

DC counterparts (default values).

4.3 Methodology for Intrinsic Capacitance
Modeling

4.3.1 Basic Formulation

To ensure charge conservation, terminal charges instead of the terminal

voltages are used as state variables. The terminal charges Q^, Qh, Q^, and

Qd are the charges associated with the gate, bulk, source, and drain

termianls, respectively. The gate charge is comprised of mirror charges

from these components: the channel inversion charge (l2i„v). accumulation

charge {Qacc) and the substrate depletion charge (fiwfr)-
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Methodology for Intrinsic Capacitance Modeling

The accumulation charge and the substrate charge are associated with the

substrate while the channel charge comes from the source and drain

terminals

Qg =-{Qsuh +Qinv +Qacc)
Qb = Qacc Qsuh

Qinv = 2v + Qj

(4.3.1)

The substrate charge can be divided into two components - the substrate

charge at zero source-drain bias {Qnubo)^ which is a function of gate to

substrate bias, and the additional non-uniform substrate charge in the

presence of a drain bias (SQ^ub)- Qg becomes

(4.3.2)

Qg =-(Qi„v +Qacc +QsuhO +^Qsuh)

The total charge is computed by integrating the charge along the channel.

The threshold voltage along the channel is modified due to the non-

uniform substrate charge by

v,»W=v„{o)+(a,„„,-iK

0 0

i-tlivr ^snnr

e, J q,dy =W^C„
0 0

j = j(v,.+(/!„,
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4-6

Substituting the following

dV.
dy =

and

(4.3.5)

hs =

into Eq. (4.3.4), we have the following upon integration

Qc ^active ^active ^ t +

Qfi QxuhO active ^active ^

Qh = -Qe - Qc = Qsuh + Q.suhO + Qacc

where

12

A ^^hulk_Lds

(4.3.6)

A ^V _ llMi-y ^
«' 2

^hulkYds

12
y _ "few/A- y

J.V
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Qsuh i) ~ ^aciivf ^acthv sub B ^bs )

^Qsuh ^active ^active ^
^ ^bulk ^ ^bulk ^^bttlk ^)^t/

2
121

(4.3.7)

/

The inversion charges are supplied from the source and drain electrodes

such that Qi„y = Q,+ The ratio of Qj and Q, is the charge partitioning

ratio. Existing charge partitioning schemes are 0/100, 50/50 and 40/60

(XPART = 0, 0.5 and 1) which are the ratios of Qj to Q, in the saturation

region. We will revisit charge partitioning in Section 4.3.4.

All capacitances are derived from the charges to ensure charge
conservation. Since there are four terminals, there are altogether 16
components. For each component

r -

dv.

(4.3.8)

where i andj denote the transistor terminals. In addition

Ic, =Sc,=o
i J

4.3.2 Short Channel Model

In deriving the long channel charge model, mobility is assumed to be

constant with no velocity saturation. Therefore in saturation region

^he carrier density at the drain end is zero. Since no channel

length modulation is assumed, the channel charge will remain a constant

throughout the saturation region. In essence, the channel charge in the
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saturation region is assumed to be zero. This is a good approximation for

long channel devices but fails when 2 iim. If we define a drain bias,

^dsai ci" which the channel charge becomes a constant, we will find that

V^sat.cv in general islarger than but smaller than the long channel
given by Vg/Afj^ik. However, in old long channel charge models, Vdsa^cv is

set to independent of channel length. Consequently, Ci/Lgffh2& no

channel length dependence (Eqs. (4.3.6), (4.37)). A pseudo short channel

modification from the long channel has been used in the past. It involved

the parameter in the capacitance model which was redefined to be

equal to Vg/Vdsat^ thereby equating Vdsat.cv and This overestimated the
effectof velocity saturation and resulted in a smaller channel capacitance.

The difficulty in developing a short channel model lies in calculating the

charge in the saturation region. Although current continuity stipulates that

the charge density in the saturation region is almost constant, it is difficult

to calculate accurately the length of the saturation region. Moreover, due to

the exponentially increasing lateral electric field, most of the charge in the

saturation region are not controlled by the gate electrode. However, one

would expect that the total charge in the channel will exponentially

decrease with drain bias. Experimentally,

V, . <V, <v, \ =' tlvftt i%* ' /tv/lt /'V ilx/lt -IVIt "oo A

\ulk

and is modeled by the following

(4.3.9)
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dsat.cv

^hulk

Vnm^=noff-nv,\x\

J +

g"eff,cv

/ \CLE\
CLC ]

^^active J

l+ex{
%-V,H-voffcv

nojf' nv,
\ ' /J

(4.3.10a)

(4.3.10b)

Parameters nojf and vojfcv are introduced to better fit measured data above

subthreshold regions. The parameter is substituted i^^ i^ng

channel equation by

(4.3.11)

' CLC^
CLE^

^bulk - ^bulkO 1 +

V^active / ^

(4.3.11a)

^hulk
2V*.-K,hseff 4^ +2^/3^ WC/+B.

J)

1

\-^Keta\^^g

In (4.3.11), parameters CLC and CLE are introduced to consider channel-

length modulation.
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4.3.3 Single Equation Formulation

Traditional MOSFET SPICE capacitance models use piece-wise equations.

This can result in discontinuities and non-smoothness at transition regions.

The following describes single-equation formulation for charge,

capacitance and voltage modeling in capMod=2 and 3.

(a) TVansition from depletion to inversion region

The biggest discontinuity is the inversion capacitance at threshold voltage.

Conventional models use step functions and the inversion capacitance

changes abruptly from 0 to Concurrently, since the substrate charge is

a constant, the substrate capacitance drops abruptly to 0 at threshold

voltage. Both of these effects can cause oscillation during circuit

simulation. Experimentally, capacitance starts to increase almost

quadratically at ~0.2V below threshold voltage and levels off at ~0.3V

above threshold voltage. For analog and low power circuits, an accurate

capacitance model around the threshold voltage is very important.

The non-abrupt channel inversion capacitance and substrate capacitance

model is developed from the I-V model which uses a single equation to

formulate the subthreshold, transition and inversion regions. The new

channel inversion charge model can be modified to any charge model by

substituting with Vgsteff.cv in the following

(4.3.12)

Q^Vgt)~Ofygsteff.CV )

Capacitance now becomes
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c(n,)=c(v„,^.cv)^
^gX.(IsJ)S

(4.3.13)

The "inversion" charge is always non-zero, even in the accumulation

region. However, it decreases exponentially with gate bias in the

subthreshold region.

(b) TVansition from accumulation to depletion region

An effective flatband voltage used to smooth out the transition

between accumulation and depletion regions. It affects the accumulation

and depletion charges

(4.3.14)

+1/^3" +4^5#} 53=QQ2

(4.3.15)

Tn RSTM:^vS 9 hias-inHependent is used to calculate vfh. whereas if the

vprdnn paramp.tp.r VFRSION is smaller fhan the hias-dependent is kept for

backward rompatihilify.

(4.3.16)

Qux: ~~^actM:^aaiw^ox{^Fm )

O =-W L C •—
V^u/D activf^lictivi^ox n

2^

-1+.

(4.3.17)

I^ ^FBeff ^gsteffCV ^hseffl
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4-12

(c) IVansition from linear to saturation region

An effective Vcveffi is used to smooth out the transition between linear

and saturation regions. It affects the inversion charge.

(4.3.18)

V™, =W-0-5{H + +45^Vto.n] Hhere V^=V^^-V^-S^\ 5^=0.02

Q.- -W 7 C
uahv luiixr ^(ix

y _^k y + •

12

(4.3.19)

y _^k y
fH^eff.cv 2

(4.3.20)
\

\iik ')^bulk Kveff
9 f A '

72 V ——V

Below is a list of all the three partitioning schemes for the inversion

charge:

(i) The 50/50 charge partition

This is the simplest of all partitioning schemes in which the inversion

charges are assumed to be contributed equally from the source and drain

nodes.
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Q,=Q,^0.5Q^^-
W L C

^aaive acrivr ax y \ulk
gftffxv cveff

(4.3.21)

\ilk ^cveff

^bulk 1^21W 2 CVfff

(ii) The 40/60 channel-charge partition

This is the most physical model of the threepartitioning schemes in which

the channel charges are allocated to the source and drain terminals by

assuming a linear dependence on the positiony.

Q=-

e, 1 q.\'--r
V L,.

0

d\
•'acliyt J

0,/ = J

W L C
''(OrveHaive^aic

V
w

(4.3.22)

(4.3.23)

(4.3.24)
1,

a=-
W L C

fjcmr^njhr nr 3 5,tI ^gseS* '̂[\ik lo.ir)'*'̂ ^"(A»A ^qf) ^(A*^
V -A^LV

««#<»• 2

(iii) The 0/100 Charge Partition

In fast transient simulations, the use of a quasi-static model may result in a

large unrealistic drain current spike. Thispartitioning scheme is developed

to artificially suppress the drain current spike by assigning all inversion
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charges in the saturation region to the source electrode. Notice that this

charge partitioning scheme will still give drain current spikes in the linear

region and aggravate the source current spike problem.

el =—w / c ^gsteff.c I ^hutk ^oxff
2 4

-W L C
' mfive ^^uvtive ox

^gsteffx ^cxf/r ^
2 4

(4.3.25)

{•^buU Ki*#)

(4.3.26)

{^hulk Kirjy)
8 V.

^hulk w

(d) Bias-dependent threshold voltage effectson capacitance

Consistent Vth between DC and CV is important for acurate circuit

simulation. capMod=l, 2 and 3 use the same Vth as in the DC model.

Therefore, those effects, such as body bias, DIBL and short-channel effects

are all explicitly considered in capacitance modeling. In deriving the

capacitances additional differentiations are needed to account for the

dependence of threshold voltage on drain and substrate biases.

4.4 Charge-Thickness Capacitance Model

Current MOSFET models in SPICE generally overestimate the intrinsic

capacitance and usually are not smooth at Vp and V,;,. The discrepancy is more
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pronounced in thinner devices due to the assumption of inversion and

accumulation charge being located at the interface. The charge sheet model or the

band-gap(£^)-reduction model of quantum effect [31] improves the and thus

the modeling but is inadequate for CV because they assume zero charge

thickness. Numerical quantum simulation results in Figure 4-1 indicate the

significant charge thickness in all regions of the CV curves [32].

This section describes the concepts used in the charge-thichness model (CTM).

Appendix Blists all charge equations. Afull report and anaylsis ofthe CTM model

can be found in [32].

CO O.IO*

N 0.05-

20 40

Depth (A)

Nsubs5ei7cm

Figure 4-1. Charge distribution from numerical quantum simulations show signiflcant
charge thickness at various bias conditions shown in the inset.

CTM is a charge-based model and therefore starts with the DC charge thicknss,

Xdc The charge thicknss introduces a capacitance in series with C„x as illustrated

in Figure 4-2, resulting in an effective C,,^, Based on numerical self-

consistent solution of Shrodinger, Poisson and Fermi-Dirac equations, universal

and analytical Xqc models have been developed. be expressed as
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where

'oxeff

c c^ox^cen

c +c^ox ^ ^cen

n —^si
^cen - /X

DC

ygs 9

Vgse -*
Cox

0s

Poly depl.

Cacc Cdep Cinv

6 B

(4A1)

Figure 4-2. Charge-thickness capacitance concept in CTM. accounts for thepoly
depletion effect.

4-16

y^fnr arciimulatinn and Hepletion

The DC charge thickness in the accumulation and depletion regions can be

expressed by [32]

(4.4.2)

^DC~
r X ^

acde-

-0.25

suh

\ ' J2x10'
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where ^DC is in the unit of cm and - yfb) / has a unit of MV/cm. The

model parameter acde is introduced for better fitting with a default value of 1. For

numerical statbility, (4.4.2) is replaced by (4.4.3)

= -1(x„ +VxI74s7^)

where

•^0 ~ -^max ^ DC

andX„„,=L^,tvy3; 5^=10-^7,^.

(ih of inversion charge

The inversion charge layer thichness [32] can be formulated as

1.9xia' - ,
^DC . / \xQ7

1+
2r..

(4.4.3)

(4.4.4)

Through vfb in (4.3.30), this equation is found to be applicable to N* or P"^ poly-Si

gates as well as other future gate materials. Figure 4-3 illustrates the universality of

(4.3.30) as verified by the numerical quantum simulations, where the jr-axe
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represents the boundary conditions (the average of the electric fields at the top and

the bottom of the charge layers) of the Schrodinger and the Poisson equations.

o

O To«.20A O TomSOA
^ TonsTOA V Toi>«OA

Solid - N(ubi2*16em'

Opon • Ntub>2ol7em'

* • Ntubii2(i8em^

•0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

(Vgsteff•^4(Vth-Vfb-2<l>f))/Tox (MV/cm)

Figure 4-3. For all Tmand modeled inversioncharge thicknessagrees vrith numerical
quantum simulations.

4-18

(iii) Body charge thichness in inversion

In inversion region, the body charge thickness effect is accurately modeled by

including the deviation of the surface potential from 2<i>g [32]

(4.4.5)

moin

where the model parameter moin (defaulting to 15) is introduced for better fit to

different technologies. The inversion channel charge density is therefore derived

as

^inv ~~^oxeff ^fisteffcv *^5)
(4.4.6)
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Figure 4-4 illustrates theuniversality of CTM model bycompariing of a SiON/

Ta205/riN gate stack structure with an equivalent T„x of 1.8nm between data,

numerical quantum simulation and modeling [32].

10.0

7.5

iZ"
S 5.0

o>
O

2.5

0.0

O Measured — O.M. simulatior) CTM

ISAequivalent SiO,thickness

TiN

60ATa,Oj

8A SION

p-Si

0 1

Vgs (V)

Figure 4-4. Universality of CTM is demonstrated by modeling the C^of 1.8nm equivalent
NMOSFET with Si0N/Ta20s/TiN gate stack.

4.5 Extrinsic Capacitance

4.5.1 Fringing Capacitance

The fringing capacitance consists of a bias independent outer fringing

capacitance and a bias dependent inner fringing capacitance. Only the bias

independent outer fringing capacitance is implemented. Experimentally, it

is virtually impossible to separate this capacitance with the overlap

capacitance. Nonetheless, the outer fringing capacitance can be

theoretically calculated by

CF =^\n
n

1 +
po\s
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where tp„iy is equal to 4x10 m̂. CF is amodel parameter.

4.5.2 Overlap Capacitance

An accurate model for the overlap capacitance is essential. This is

especially true for the drain side where the effect of the capacitance is

amplified by the transistorgain. In old capacitance models this capacitance

is assumed to be bias independent. However, experimental data show that

the overlap capacitance changes with gate to source and gate to drain

biases. In a single drain structure or the heavily doped S/D to gate overlap

region in a LDD structure the bias dependence is the result of depleting the

surface of the source and drain regions. Since the modulation is expected to

be very small, we can model this region with a constant capacitance.

However in LDD MOSFETs a substantial portion of the LDD region can

be depleted, both in the vertical and lateral directions. This can lead to a

large reduction of overlap capacitance. This LDD region can be in

accumulation or depletion. We use a single equation for both regions by

using such smoothing parameters as Vf^^^overiap ^gd.overiap ^^r the source

and drain side, respectively. Unlike the case with the intrinsic capacitance,

the overlap capacitances are reciprocal. In other words, C^^„y^riap -

^sg.overlap ^tld Cgd^overlap "" ^dg.overlap'

(i) Source Overlap Charge

/

Qovrrlap.. +CGSl
W •

V -VfiSMverlap

CKAPPA

(4.5.2)

^ ' 4V
M g-Koverlap

' CKAPPA
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(4.5.3)

=\[v„ +5, -V(v„,,+5j+45. ) 5. =0.02
where CKAPPA is a model parameter. CKAPPA is related to the average

doping of LDD region by

CKAPPA =
Cj

The typical value for N^dd's 5xlo'̂ cm'̂ .

(ii) Drain Overlap Charge

(4.5.4)

Q.n,overlap.d CKAPPA
-1 + Jl-

4Vgd.overlap

CKAPPAw..
= CGDOV^j+CGD\ ^gd.overlap

V gd .overlap

(4.5.5)

= 5, =0.02

(ill) Gate Overlap Charge

Qoverlap.g {Qoverlap.s Qoverlap.d )
(4.5.6)

In the above expressions, if CGSO and CGDO (the heavily doped S/D

region to gate overlap capacitance) are not given, they are calculated

according to the following

CGSO = {DLC*CJ - CGS\ (if DLC is given and DLC > 0)
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CGSO = 0 (if the previously calculated CGSO is less than 0)

CGSO = 0.6 (otherwise)

CGDO = iDLC*CJ - CGD\ (if DLC is given and DLC > CGDl/Cox)

CGDO = 0 (if previously calculated CDGO is less than 0)

CGDO = 0.6 Xj*C„x (otherwise).
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CHAPTER 5: Non-Quasi Static Model

5.1 Background Information

As MOSrei's become more performance-driven, the need for accurate prediction

of circuit performance near cut-off frequency or under very rapid transient

operation becomes more essential. However, most SPICE MOSFET models are

based on Quasi-Static (QS) assumptions. In other words, the finite charging time

for the inversion layer is ignored. When these models are used with 40/60 charge

partitioning, unrealistically drain current spikes frequently occur [33]. In addition,

the inability of these models to accurately simulate channel charge re-distribution

causes problems in fast switched-capacitor type circuits. Many Non-Quasi-Static

(NQS) models have been published, but these models (1) assume, unrealistically,

no velocity saturation and (2) are complex in their formulations with considerable

simulation time.

5.2 The NQS Model in BSIM3v3.2

The NQS model has been re-implemented in BSIM3v3.2 to improve the

simulation performance and accuracy. This model is based on the channel charge

relaxation time approach. A new charge partitioning scheme is used, which is

physically consistent with quasi-static CV model.
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5.3 Model Formulation

The channel of a MOSFET is analogous to a bias dependent RC distributed

transmission line (Figure 5-la). In the Quasi-Static (QS) approach, the gate

capacitor node is lumped with both the external source and drain nodes (Figure 5-

Ib). This ignores the finite time for the channel charge to build-up. One Non-

Quasi-Static (NQS) solution is to represent the channel as n transistors in series

(Figure 5-lc). This model, although accurate, comes at the expense of simulation

time. The NQS model in BSIM3v3.2 was based on the circuit of Figure 5-ld. This

Elmore equivalent circuit models channel charge build-up accurately because it

retains the lowest frequency pole of the original RC network (Figure 5-la). The

NQS model has two parameters as follows. The model flag, nqsMod, is now only

an element (instance) parameter, no longer a model parameter.

5-2

Name Function Default Unit

nqsMod Instance flag for the NQS model 0 none

elm Elmore constant 5 none

Table 5-1. NQS model and instance parameters.

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley



Model Formulation

Equivalent RC Network

L Gate

Substrate

(a) "Nitit

I New Elmore
I Equivalent Circuit >^uivalent Model

^ I ^
111 •• •• 111 ^ T,

o-TL-JT_TL , , JT-JUL-o
(c)

Conventional
Quasi-Static Model

1

t t t

Figure 5-1. Quasi-Static and Non-Quasi-Static models for SPICE analysis.

5.3.1 SPICE sub-circuit for NQS model

Figure 5-2 gives the RC-subcircuit of NQS model for SPICE

implementation. An additional node, Qdep)^ is created to keep track of the

amount of deficit/surplus channel charge necessary to reach the

equilibrium based on the relaxation time approach. The bias-dependent

resistance R (l/i?=G,„„) can be determined from the RC time constant (t).

The current source icheqit) results from the equilibrium channel charge,

QcheqiO- The capacitor C is multiplied by a scaling factor Cfaa (with a
typical value of ixlo"^) to improve simulation accuracy. Qjef^ov/ becomes

(5.3.1)
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5-4

Qdef

def

C—1^Cfaci

—< )—

Figure 5-2. NQS sub-circuit for SPICE implementation.

5.3.2 Relaxation time

The relaxation time t is modeled as two components: and In

strong inversion region, x is determined by which, in turn, is

determined by the Elmore resistance in subthreshold region, x^.^^

dominates, x is expressed by

1 1 1
-= -h

'̂ diff drift

(5.3.2)

Rgi,„ in Strong inversoin is calculated from the channel resistance as

(5.3.3)

^elm
"eff
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where elm is the Elmore constant of the RC channel network with a

theorectical value of 5. The quasi-static (or equilibrium) channel charge

QcheqiO. equal to g/nv ofcapMod=0, 1, 2 and 3, is used to approximate the
actual channel charge QchiO- fonnulated as

(5.3.4)

has the form of

elm-

(5.3.5)

^4/
\6' jl^kT

5.3.3 Terminal charging current and charge partitioning

Considering both the transport and charging component, the total current

related to the terminals D, G and S can be written as

Id.G.S (')~^D.G.S (l^f')"''

(5.3.6)

dt

Based on the relaxation time approach, the terminal charge and

corresponding charging current can be formulated by
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(5.3.7)

Qdff (0—Qcheg(') Qch (')

and

(5.3.8a)

dt dt T

(5.3.8b)

= U, C/,0-
dt

xpan

where D,G,Sxpart are the NQS channel charge partitioning number for

terminals D, G and S, respectively; D^par,+ S^pan = 1 and G^pan = -1. It is

important for Depart and S^pan to be consistent with the quasi-static charge

partitioning number XPART and to be equal {D^purt = Sxpan) at Vj^=0 (which

is not the case in the previous version), where the transistor operation mode

changes (between forward and reverse modes). Based on this

consideration, D^pan is now formulated as

(5.3.9)

— Qd _ Qd

heq

which is now bias dependent. For example, the derivities of Depart can be

easily obtained based on the quasi-static results:

^^xpart 1

(5.3.10)

^di ~^xpart' ^vi)
dv, a.heq

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley 5-6



Model Formulation

where i represents the four terminals and Q,- and Q,- are the intrinsic

capacitances calculated from the quasi-static analysis. The corresponding

values for S^p^rt can be derived from the fact that D^pan-^ ^xpart •̂

In the accumulation and depletion regions, Eq. (5.3.9) is simplified as

\iXPART<0.5,D,p^,, = 0A\

Else ifXPA/?r> 0.5,D^p^,, = 0.0;
ElseD^p^„ = 0.5;

5.3.4 Derivation of nodal conductances

This section gives some examples of how to derive the nodal conductances

related to NQS for transient analysis. By noting that x= RC, G,au can be

derived as

(5.3.11)

C^ ^ fact
^tau

Xis given by Eq. (5.3.2). Based on Eq. (5.3.8b), the self-conductance due

to NQS at the transistor node D can be derived as

(5.3.12)

^^xpart y \,i^ y ^^lau
j,j "def} xpan def ,,,

dVd dVj

The trans-conductance due to NQS on the node D relative to the node of

QjgfCan be derived as

D • C
xpan tau

(5.3.13)
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Other conductances can also be obtained in a similar way.
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CHAPTER 6: Parameter Extraction

Parameter extraction is an important part of model development. Many different

extraction methods have been developed [23, 24]. The appropriate methodology depends

on the model andon the way the model is used. A combination of a local optimization and

the group device extraction strategy is adopted for parameter extraction.

6.1 Optimization strategy

There are two main, different optimization strategies: global optimization and

local optimization. Global optimization relies on the explicit use of a computer to

find one set of model parameters which will best fit the available experimental

(measured) data. This methodology may give the minimum average error between

measured and simulated (calculated) data points, but it also treats each parameter

as a "fitting" parameter. Physical parameters extracted in such a manner might

yield values that are not consistent with their physical intent.

In local optimization, many parameters are extracted independently of one

another. Parameters are extracted from device bias conditions which correspond to

dominant physical mechanisms. Parameters which are extracted in this manner

might not fit experimental data in all the bias conditions. Nonetheless, these

extraction methodologies are developed specifically with respect to a given

parameter's physical meaning. If properly executed, it should, overall, predict
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device performance quite well. Values extracted in this manner will now have

some physical relevance.

6.2 Extraction Strategies

Two different strategies are available for extracting parameters: the single device

extraction strategy and group device extraction strategy. In single device

extraction strategy, experimental data from a single device is used to extract a

complete set of model parameters. This strategy will fit one device very well but

will not fit other devices with different geometries. Furthermore, single device

extraction strategy can not guarantee that the extracted parameters are physical. If

only one set of channel length and width is used, parameters related to channel

length and channel width dependencies can not bedetermined.

BSIM3v3 uses group device extraction strategy. This requires measured data from

devices with different geometries. All devices are measured under the same bias

conditions. The resulting fit might not be absolutely perfect for any single device

but will be better for the group of devices under consideration.

6.3 Extraction Procedure

6.3.1 Parameter Extraction Requirements

One large size device and two sets of smaller-sized devices are needed to

extractparameters, as shown in Figure 6-1.
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W

w
mm

Large W and L

Orthogonal Set of W and L

/

Figure 6-1. Device geometries used for parameter extraction

The large-sized device (W > lOpm, L > 10|im) is used to extract

parameters which are independent of short/narrow channel effects and

parasitic resistance. Specifically, these are: mobility, the large-sized device

threshold voltage and the body effect coefficients and Ki which

depend on the vertical doping concentration distribution. The set of devices

with a fixed large channel width but different channel lengths are used to

extract parameters which are related to the short channel effects. Similarly,

the set of devices with a fixed, long channel length but different channel

widths are used to extract parameters which are related to narrow width
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effects. Regardless of device geometry, each device will have to be

measured under four, distinct bias conditions.

(1) 7^ vs. @ = 0.05Vwith different

(2)vs. Yds® ^bs- different

(3) Ids ^gs ® ^ds- different (V^i/is the maximum drain
voltage).

(4) Ids ^ds ® ^bs - with different Vo,^ (IV^ is the maximum body
bias).

6.3.2 Optimization

The optimization process recommended is a combination of Newton-

Raphson's iteration and linear-squares fit of either one, two, or three

variables. This methodology was discussed by M. C. Jeng [18]. A flow

chart of this optimization process is shown in Figure 6-2. The model

equation is first arranged in a form suitable for Newton-Raphson's iteration

as shown in Eq. (6.3.1):

(6.3.1)

The variable/jj^) is the objective function to be optimized. The variable

fexffd stands for the experimental data. Piq, P20, and ^30 represent the
desired extracted parameter values. Pi^"^\ and represent

parameter values after themth iteration.
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Measured Data
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Parameters P i

N/

Model Equations

\

Linear Least Squsre

Fit Routine

\ /

p{m*1)_ p
1

Q.

<1

AP
j— R
(m)

yes

STOP

Figure 6-2. Optimization flow.

Tochange Eq. (6.3.1) into a form that a linear least-squares fit routine can

be used (i.e. in a form oiy = a •¥ bx\ + cxi), both sides of the Eq. (6.3.1)

are divided by 3Pi. This gives thechange in P,, , for the next

iteration such that:
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6-6

(6.3.2)

p(w+l) _ p(m)

where /=1, 2, 3 for this example. The (m+1) parametervalues for Pj and P3

are obtained in an identical fashion. This process is repeated until the

incremental parameter change in parameter values are smallerthan

a pre-determined value. At this point, the parameters P], P2, and P3 have

been extracted.

6.3.3 Extraction Routine

Before any model parameters can be extracted, some process parameters

have to be provided. They are listed below in Table6-1:

Input Parameters Names Physical Meaning

^ox Gate oxide thickness

Nch Doping concentration in the channel

T Temperature at which the data is taken

Ldrawn Mask level channel length

^drawn Mask level channel width

Junction depth

Table 6-1. Prerequisite input parameters prior to extraction process.

The parameters are extracted in the following procedure. Theseprocedures

are based on a physical understanding of the model and based on local
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Extraction Procedure

optimization. (Note: Fitting Target Data refers to measurement data used

for model extraction.)

Step 1

Extracted Parameters & Fitting Target
Data

Device & Experimental Data

Fitting Target Bxp. Data:

Large Size Device (Large W& L).
7^vs. Vgs @y^= 0.05V at Different
Extracted Experimental Data VtUyb^

Step 2

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Fitting Target Exp. Data: Strong Inver
sion region Id^Vgs, Vfoy)

Large Size Device (Large W& L).
vs. Vgs @Vds- 0.05V at Different

Step 3

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Lint, W, Vj^)

Fitting TargetExp. Data: Strong Inver
sion region

One Set of Devices (Large and Fixed W &
Different L).

^ds Vgs @V^= 0.05V at Different
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Extraction Procedure

Step 4

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Wint, Rd^Rdsw ^ ^bs)

Fitting TargetExp. Data: Strong Inver
sion region Id^Vgs> V^)

One Set of Devices (Large and Fixed L
& Different W).

Ids vs. ^gs ®^ds- 0.05Vat Different
ybs

Steo 5

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Fitting TargetExp; Data: Rd^R^sw ^

Vbs)

Rd^Rdsw ^

Step 6

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^viO ^vt2>

Fitting Target Exp. Data: V^fyb^ L, W)

One Set of Devices (Large and Fixed W &
Different L).
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Extraction Procedure

Stgp 7

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^vt\w ^vt2w

Fitting Target Exp. Data: L, W)

One Set of Devices (Large and Fixed L &
Different W).

Step 8

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

K3, Wo

Fitting TargetExp. Data: L, W)

One Set of Devices (Large and Fixed L &
Different W)-

ytii^b^uw)

Step 9

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Nfactor, C^q Cdscb

Fitting Target Exp. Data: Subthreshold
region Id^Vg^ V^)

One Set of Devices (Large and Fixed W &
Different L).

ygs ®yds- 0-05V at Different

Step 10

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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^dsod
Fitting Target Exp. Data: Subthreshold
region Id^Vg^ V^)

One Set of Devices (Large and Fixed W &
Different L).

vs. Vg5 @Vfo= Vjj, at Different

iStep 11

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

dWb

Fitting Target Exp. Data: Strong Inver
sion region Id^Vg^ Vbs)

One Set of Devices (Large and Fixed W &
Different L).

vs. Vgj @V^= 0.05V at Different

iStcp 12

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^sat' ^0' ^gs
Fitting Target Exp. Data: Isa^Vg^

A], ^2 (PMOS Only)

Fitting Target Exp. Data V^^V^y)

One Set of Devices (Large and Fixed W &
Different L).

^ds vs. @ V^= OV at Different

Step 13

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data
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Extraction Procedure

50,51

Fitting Target Exp. Data: Isa^Vg^
One Set of Devices (Large and Fixed L &
Different W).

vs. @ V^= OV at Different

Step 14

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

dWg

Fitting Target Exp. Data: Isa^Vg^
One Set of Devices (Large and Fixed L &
Different W).

vs. Vbs= OV atDifferent Vg_y

Step 15

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^sdx\' ^scbei

Fitting Target Exp. Data: Roui^Vgs, V^)

One Set of Devices (Large and Fixed W &
Different L).

^ds vs. @ OV atDifferent Vgy

Step 16

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^dm ^diblcX' ^diblc2'

Fitting Target Exp. Data: RoiJ.Vg^ V^)

One Set of Devices (Large and Fixed W &
Different L).

Ids vs. Vflfy @Vijs= OV at Different Vgs
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Extraction Procedure

Step 17

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

^dibl\c' ^dibkl

Fitting Target Bxp. Data:

^diblcX' ^dibkl'

One Set of Devices (Large and Fixed W &
Different L).

^^^rvi4t> EcSMcI' E)

Step 18

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Pauid)

Fitting Target Exp. Data:

^diblc\> ^cSblci'

One Set of Devices (Large and Fixed W &
Different L).

vs. Vgs @fixed atDifferent

Step 19

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Etab, Dsub, L)

Fitting Target Exp. Data: Subthreshold
region Id^Vg^ Vfo)

One Set of Devices (Large and Fixed W &
Different L).

vs. Vgs @V^= V^at Different
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Extraction Procedure

Step 20

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

EtaO, Etab, Dsub

Fitting Target Exp. Data:

Etab, L)

One Set of Devices (Large and Fixed W &
Different L).

vs. Vgs @V^= V^at Different V^s

Step 21

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

Keta

Fitting Target Exp. Data: Iscd-Vg^

One Set of Devices (Large and Fixed W &
Different L).

Idsvs. ® Vfa = Vy,at Different

Step 22

Extracted Parameters & Fitting Target
Data

Devices & Experimental Data

ttot cti, po

Fitting Target Exp. Data: Isul^Vg^ V^)/
W

One Set of Devices (Large and Fixed W &
Different L).

Ids^s. Vjs@Vhs= v«,at Different
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6.4 Notes on Parameter Extraction

6.4.1 Parameters with Special Notes

Below is a list of model parameters which have special notes for parameter

extraction.

Symbols used
in SPICE

Description
Default

Value
Unit Notes

VthO Threshold voltage for largeW and L device @
Vbs=OV

0.7(NMOS)
-0.7 (PMOS)

V nI-1

KI First order body effect coefficient 0.5 vl/2 nI-2

K2 Second order body effect coefficient 0 none nI-2

Vbm Maximum applied body bias -3 V nI-2

Nch Channel doping concentration 1.7E17 1/cm^ nI-3

gamma 1 Body-effectcoefficient near interface calculated yj\tl nI-4

gamma2 Body-effect coefficient in the bulk calculated nI-5

Vbx Vbs at which the depletion width equals xt calculated V nI-6

Cgso Non-LDD source-gate overlap capacitance per
channel length

calculated F/m nC-1

Cgdo Non-Ldd drain-gate overlap capacitance per
channel length

calculated F/m nC-2

CF Fringing field capacitance calculated F/m nC-3

Table 6-2. Parameters with notes for extraction.
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6.4.2 Explanation of Notes

nI-1. If V,;,o is not specified, it is calculated by

^,hO = ^FB

where the model parameter ^^^=-1.0. If V,/,o is specified, Vpg defaults to

nI-2. If ^1 and K2 are not given, they are calculated based on

K,=Y2-2K,^^,-V,^

„_Jyr3i/^E^z5l

where <i>,. is calculated by

\ '

<I', = 2V,„oln

k T
T7 B nom

fmO
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Notes on Parameter Extraction

6-16

n. =1.45x10
10

nI.5

300.15
exp 21.5565981

2V.

7.02xl0~^r
£ 0=1-16

' 7:„„+1108

tmO

where E^q is the energy bandgap at temperature

nI-3. If Is not given and 7, is given, Is calculated from

y'c '
N. =

If both 7, and N,./, are not given, defaults to 1.7e23 m*^ and 7, is

calculated from

nI-4. If 7, is not given, it is calculatedby

r, =
ch

nI-5. If 72 is not given, it is calculatedby

72 =

nI-6. If Vi,^ is not given, it is calculated by

2e...
s ' hx
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nC-1. If Cgso is not given, it is calculated by

if {die is given and is greater 0),
Cgso = die * Cox - Cgs\

if {Cgso < 0)

Cgso = 0

else Cgso = 0.6 Xj * Cox

nC-2. If Cgdo is not given, it is calculated by

if {die is given and is greater than 0),
Cgdo = die * Cox - Cgd\
if {Cgdo < 0)

Cgdo = 0

else Cgdo = 0.6 Xj * Cox

nC-3. If CF is not given then it is calculated usin by

28„. .f, 4x10"'^
CF = —2!.|n 1+

n Tox ,
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CHAPTER 7: Benchmark Test Results

A series of benchmark tests [26] have been performed to check the model robustness,

accuracy and performance. Although not all the benchmark test results are includedin this

chapter, the most important ones are demonstrated.

7.1 Benchmark Test lypes

Table 7-1 lists the various benchmark test conditions and associated figure number

included in this section. Notice that for each plot, smooth transitions are apparent

for current, transconductance, and source to drain resistance for all transition

regions regardless of bias conditions.

Device Size Bias Conditions Notes

Figure
Number

W/L=20/5 Ids vs. Vgs @ Vbs=OV; Vds=0.05, 3.3V Log scale 7-1

W/L=20/5 Ids vs. Vgs @ Vbs=OV; Vds=0,05, 3.3V Linear scale 7-2

W/L=20/0.5 Ids vs. Vgs @ Vbs=OV; Vds=0.05, 3.3V Log scale 7-3

W/L=20/0.5 Ids vs. Vgs @ Vbs=OV; Vds=0.05, 3.3V Linear scale 7-4

W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-5

W/L=20/5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V;W/
L=20/5

Linear scale 7-6

W/L=20/0.5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Log scale 7-7

W/L=20/0.5 Ids vs. Vgs @ Vds=0.05V; Vbs=0 to -3.3V Linear scale 7-8

W/L=20/5 GnVIds vs. Vgs @ Vds=0.05V, 3-3V; Vbs=OV Linear scale 7-9
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Device Size Bias Conditions Notes

Figure
Number

W/L=20/0.5 Gm/Ids vs. Vgs @ Vds=0.05V, 3-3V; Vbs=OV Linear scale 7-10

W/L=20/5 Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=OV to -
3.3V

Linear scale 7-11

W/L=20/0.5 Gm/Ids vs. Vgs @ Vds=0.05V; Vbs=OV to -
3.3V

Linear scale 7-12

W/L=20/0.5 Ids vs. Vds @Vbs=OV; Vgs=0.5V, 0.55V, 0.6V Linear scale 7-13

W/L=20/5 Ids vs. Vds @Vbs=OV; Vgs=1.15V to 3.3V Linear scale 7-14

W/L=20/0.5 Ids vs. Vds @Vbs=OV; Vgs=1.084V to 3.3V Linear scale 7-15

W/L=20/0.5 Rout vs. Vds @ Vbs=OV; Vgs=1.084V to 3.3V Linear scale 7-16

Table 7-1. Benchmark test information.

7.2 Benchmark Test Results

All of the figures listed in Table 7-1 are shown below. Unless otherwise indicated,

symbols represent measurement data and lines represent the results of the model.

All of these plots serve to demonstrate the robustness and continuous behavior of

the unified model expression for not only but G„,, and as well.
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Solid lines: Model results.

Symbols: Exp.data
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3.0 4.0

Figure 7-1. Continuity from subthreshold to stronginversion (log scale).
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Figure 7-2. Continuity from subthreshold to strong inversion (linear scale).
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7-4

1.0E+00

1.0E-01

1.0E-02

1.0E-03

1.0E-04

^1.0E-05

1.0E-06

1.0E-07

1.0E-08

1.0E-09

1.0E-10

1.0E-11

1.0E-12

(0

Vds=3.3V

Vds=0.05V

Solid lines: Model results

Symbols: Exp. data
W/L=20/0.5

Tox=9 nm

Vbs=OV

0.0 1.0 2.0

Vgs (V)

3.0 4.0

Figure 7-3. Sameas Figure7-1 but for a short channeldevice.
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Figure 7-4. Same as Figure 7-2 hut for a short channel device.
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Figure 7-5. Subthreshold to strong inversion continuity as a function of
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Figure 7-6. Subthreshold tostrong inversion continuity as a function of
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Figure 7-7. Same as Figure 7-5 but for a short channel device

5.E-04

5.E-04

4.E-04

4.E-04

3.E-04

3.E-04

2.E-04

2.E-04

1.E-04

5.E-05

O.E+OO

W/L=20/0.5

Tox=9 nm

Vds=0.05V

Vbs=OV .

2.0

Vgs (V)

Vbs=-3.3V

Figure 7-8. Same as Figure 7-6 but for a short channel device.
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Figure 7-9. GJI^, continuity from subthreshold to strong inversion regions.
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Figure 7-10. Same as Figure 7-9 but for a shortchannel device.
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7-8
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Figure 7-11. GJIjs continuity as a function of
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Figure 7-12. Same as Figure 7-11 but for a short channel device.

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley



Benchmark Test Results

8.E-05

7.E-05

6.E-05

5.E-05

'4.E-05

3.E-05

2.E-05

1.E-05

O.E+00

Solid lines;

-BSIM3V3

Dotted lines:

BSIM3V2

--W/L=20/0.5

yp % • •

Vgs=0.5V

0.0 0.2 0.4

Vds (V)
0.6 0.8

Figure 7-13. Comparison of with BSIM3v2.
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Figure 7-14. Smooth transitions from linear to saturation regimes.
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Figure 7-15. Sameas Figure7-14 but for a short channel dev ice.
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Figure 7-16. Continuous and non-negative Rout behavior.
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CHAPTER 8: Noise Modeling

8.1 Flicker Noise

8.1.1 Parameters

There exist two models for flicker noise modeling. One is called SPICE2

flicker noise model: the other is BSIM3 flicker noise model [35-36]. The

flicker noise model parameters are listed in Table 8-1.

Symbols
used in

equation

Symbols
used in
SPICE

Description Default Unit

Noia noia Noise parameter A (NMOS) le20
(PMOS)9.9el8

none

Noib noib Noise parameters (NMOS) 5e4
(PMOS) 2.4e3

none

Noic noic Noise parameter C (NMOS)-1.4e-12
(PMOS) 1.4e-12

none

Em em Saturation field 4.1e7 V/m

Af af Flick noise exponent 1 none

Ef ef Flicker noise frequency
exponent

1 none

Kf kf Flicker noise coefficient 0 none

Table 8-1. Flicker noise mode! parameters.
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8.1.2 Formulations

1. For SPICE2 model

where/is the frequency.

2. For BSIM3 model

Ifn,>V,;,+ 0.1

Noise density = '
C L,^f"fix fjfr J

(8.1)

(8.2:

Noisidensit^ [ma VNoib (N„ -W,)+^1/V,; -/Y" |
• \A/,+2xlCl'J 2

V I,N, SoicH-Noib N. + Noic N,'

vr' Iff (-v,+2xid')'

where V„„ is the thermal voltage. is the effective mobiity at the given

bias condition, and L^and W'̂ are the effective channel length and width,

respectively. The parameter Nq is the charge density at the source side

given by

(8.3)

C„.(v,,-vj
q

The parameterNi is the charge density at the drain end given by
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(8.4)

N,=

is the channel length reduction due to channel length modulation and

given by

£,.=

where

Otherwise

fV-V \th ^Jsat £•
Lit}L/r/log

E...

0 (otherwis^
2x\;..

Lit! =^3A' 7,,

(8.5)

{fOTY,>V,J

(8.6)

densit}- ———

Where. 5),^,, is the flicker noise calculated at V,,, + 0.1 and is given

bv
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Channel Thermal Noise

_ NoiaV,^!^;
'Ju.-i W,^4^r-4xl0"

(8.7)

8.2 Channel Thermal Noise

There also exist two models for channel thermal noise modeling. One is called

SPICE2 thermal noise model. The other is BSIM3v3 thermal noise model. Each of

these can be toggled through the model flag, noiMod.

1. For SPICE2 thermal noise model

where G,,,/,,. and G^, are the transconductances.

2. For BSIM3v3 thermal noise model [37]

(8.8)

8.9)

^7%-le,,., I
Q„„ is the inversion channel charge computed from the capacitance models

(capMod = 0. 1. 2 or 3).
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8.3 Noise Model Flag

A model flag. nolMod. is used to select different combination of flicker and

thermal noise models discussed above with possible optoins described in Table 8-

noimod

flag Flicker noise model

Thermal noise

model

1 SP1CE2 SP1CE2

2 BSIM3v3 BSIM3v3

3 BSIM3v3 SPICE2

4 SPICE2 BSIM3v3

Table 8-2. noiMod flag for differnet noise models.
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CHAPTER 9; MOS Diode Modeling

9.1 Diode IV Model

The diode IV modeling now supports a resistance-free diode model and a current-

limiting feature by introducing a new model parameter ijth (defaulting to 0.1 A). If

ijth is e.xpliciily specified to be zero, a resistance-free diode model will be

triggered: otherwise two critical junction votages Vjsm for S/B diode and Vjdm for

D/B diode will be computed from the value of ijth.

9.1.1 Modeling the S/B Diode

If the S/B saturation current /,/„ is larger than zero, the following equations

is used to calculate the S/B diode current 4,.

Case 1 - ijth is equal to zero: A. resistance-free diode.

(9.1)

//'A ŝhs exf
Ha

Vy Inj

-1

where =nj aj)/q : is a model parameter, known as the

junction emission coefficient.

Case 2 • ijth is non-zero: Current limitingfeature.
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9-2

If ^bs <

hs ~ ^shs exf

Otherwise

y ttn

r r y \ \
^h.r -1 + ^minK,v

4 =ijih+ (M,<-Vjsni+G„X.

with Vjsm computed by

Vjsm = NV,„, In^ 1
—+ 1
/...

The saturation current A/,, is given by

(9.2)

(9.3)

(9.4)

where J, is the junction saturation current density, is the source junction

area. is the sidewall junction saturation current density. is the

perimeter of the source junction. J, and y„,, are functions of temperature

and can be written as

y, = y^ocxp

^-^+xTm
V,.0

NJ

f J" ^^

tI

(9.5)
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•^--^ +X7"/ln
V V

/niO f/T!

NJ

(9.6)

/ j-

The energy band-gap £^o and at the nominal and operating temperatures

are expressed by (9.7a) and (9.7b), repectively:

' 7 „+1108

, 7.02x10-^7
~ 7 + 1108

(9.7a)

(9.7b)

In the above derivatoins. is the saturation current density at If 7^0 is

not given. = ixlo""' A/m-. y,o,u 'S the sidewall saturation current density
at 7. with a default value of zero.

If 1,1,, is not positive. 1,„ is calculated by

(9.8)

9.1.2 Modeling the D/B Diode

If the D/B saturation current is larger than zero, the following equations

is used to calculate the D/B diode current I^d-

Case 1 - ijth is equal to zero: Aresistance-free diode.
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hil ~ hhd exp

V tftl

r r y \ \
^hd -1

/ /

+ ^m.nKj

Case 2 - ijth is non-zero: Current limiting feature.

Otherwise

L., = Ihi \hd

^ f V ^ '
exp

V \ y

+ G„.„Kmm hd

A V.

with Vjdni computed by

^>^1/
Vjclm = A'V,„ In

The saturation current is given by

^./.<y ~ ^d d s "1" ^dd SSM

(9.9)

(9.10)

(9.11)

(9.12

where Aj is the drain junction area and is the perimeter of the drain

junction. If 7,^ is not positive, is calculated by

/ =G V'hd ^min ^hd
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9.1.3 Model Parameter Lists

The diode DC model parameters are listed in Table 9-1

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit

JsO js Saturation current density le-4 A/m-

JsOsw J.SSW Side wall saturation current density 0 A/m

NJ nj Emission coefficient 1 none

XTI xti Junciion current temperature expo
nent coefficient

3.0 none

ijih'' ijth Limiting current 0.1 A

a. CurrcntI) users are highls recommended Joexplicitly specify ijth = 0.1A in the
model cardifthedefault vaiue ofijlh istobeused.

Table 9-1. MOS diode model parameters.

9.2 MOS Diode Capacitance Model

Source and drain junction capacitance can be divided into two components:

the junction bottom area capacitance Cji, and the junction periphery

capacitance C,^,. The formula for both the capacitances is similar, but with

different model parameters. The equation of Cjf, includes the parameters

such as C,. Mj. and P/,. The equation of includes the parameters such as

and Ptmy."

9.2.1 S/B Junction Capacitance

The S/B junction capacitance can be calculated by

IfP,>W,^
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MOS Diode Capacitance Model

9-6

(9.14)

Capbs = +[P, -

Otherwise

(9.15)

Capbs =

where is the unit bottom area capacitance of the S/B junction,

is the periphery capacitance of the S/B junction along the

field oxide side, and c is the periphery capacitance of the S/B

junction along the gate oxide side.

If Cj is larger than zero. is calculated by

ifV,,<0

otherwise

-M
f Xf \

c = c

c,., = C,
V

1+ M,-^
' R

\

" }

IfCj,,, is large than zero, is calculated by

ifV,,<0

(9.16)

(9.17
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Otherwise

-A/.

' /i,.
c =c

r =r
^ V ^

'Avu !

If Cu.,- larger than zero. (?,/,„„is calculated by

if < 0

Otherwise

C =C^jhwwi- ;u»c

C =C

9.2.2 D/B Junction Capacitance

p

V ^

h.wg

(9.18)

(9.19)

(9.20)

(9.21)

The D/B junction capacitance can be calculated by
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9-8

If Pci>^.cti

(9.22)

Capbd = +(P,, - +VV^Cjhdnig

Otherwise

(9.23)

Capbd —AjCjf^ + Pjf^jhd^wx

where C^j is the unit bottom area capacitance of the D/B junction.

Cjbdsw is periphery capacitance of the D/B junction along the
field oxide side, and 'S the periphery capacitance of the D/B

junction along the gate oxide side.

If Cj is larger than zero, Cji,d is calculated by

ifVw<0

otherwise

C -C^ ihd !

C =C

^ V '^ h,I

y
+M,-^

' R

If C,„,. is large than zero, is calculated by-jsw

\fVbd<0

(9.24)

(9.25)
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otherwise

c =c^ lhds\\ ^

^ V '
1^IhL

^ V
I

J

If is larger than zero. is calculated by

if V;„<0

otherwise

C =C .*"//>(/.> » i; /v« e

C -C
;vnc

v".-
I *hit

P
\ '''''' 1

/'"T p

V
1 + M

(9.26)

(9.27)

(9.28)

(9.29)
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9.2.3 Temperature Dependence of Junction Capacitance

The temperature dependence of the junction capacitance is mod

eled. Both zero-bias unit-area junction capacitance (C^, and

and built-in potential of the junction (P/,, and are

temperature dependent and modeled in the following.

For zero-bias junction capacitance:

(9.30a)

c,(T)= c,(r.,.JO+fcy-AT-)

(9.30b)

C,jT)=CjT„J{\ +tcjsH-AT)

(9.30c)

C„jT)=C,.jT„J(\+tcjswgAT)

For the built-in potential:

(9.31a)

P,{T)=P..{T,J-tpbi'T

(9.31b)

n»(r)=/i„(r„„J-fpfoKA7-

(9.31c)

Pk.JJ)=P>.,.JJn.m)-tpbswg- AT

In Eqs. (9.30) and (9.31). the temperature difference is defined as
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(9.32)

/ST^T-T

The six new model parameters in the above equations are described

in Table 9-2.

9.2.4 Junction Capacitance Parameters

The following table give a full description of those model parame

ters used in the diode junction capacitance modeling.

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit

Cj cj Bottom junction capacitance per
unit area at zero bias

5e-4 F/m-

Mj mj Bottomjunction capacitance grad
ing coefficient

0.5 none

Ph pb Bottomjunction built-in potential 1.0 V

Cjsw cjsw Source/drain sidcwall junction
capacitanceper unit length at zero

bias

5c-IO F/m

Mjsw mjsw Source/drain sidewall junction
capacitance grading coefficient

0.33 none

Pbsw pbsw Source/drain side wall junction
built-in potential

1.0

Cjswg cjswg Source/drain gate side wall junc
tion capacitance per unit length at

zero bias

Cjsw F/m

Mjswg mjswg Source/drain gate side wall junc
tion capacitance grading coeffi

cient

Mjsw none

Pbswg pbswg Source/drain gate side wall junc
tion built-in potential

Pbsw V

tpb tpb Temperature coefficient of Pb 0.0 V/K

tpbsw tpbsw Temperature coefficient of Pbsw 0.0 V/K
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit

tpbswg tpbswg Temperature coefficient of Pbswg 0.0 V/K

tcj tcj Temperature coefficient of Cj 0.0 1/K

tcjsw tcjsw Temperature coefficient of Cjsw 0.0 1/K

icjswg tcjswg Temperature coefficient of Cjswg 0.0 1/K

Table 9-2. MOS Junction Capacitance Model Parameters.
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APPENDIX A: Parameter List

A.l Model Control Parameters

Symbols
used in

equation

Symbols j
used in Description
SPICE 1

Default Unit Note

None level The model selector 8 none

None version Model version selector 3.2 none

None binUnit Bining unit selector 1 none

None param-

Chk

Parameter value check False none

mobMod mobMod Mobility model selector 1 none

capMod capMod Flag for capacitance models 3 none

nqsMod^ nqsMod Flag for NQS model 0 none

noiMod noiMod Flag for noise models 1 none

paramcjer.

A.2 DC Parameters
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

VthO VthO Threshold voltage @Vbs=0 for
Large L.

0.7

(NMOS)

-0.7

(PMOS)

V nI-1

VFB vfb Flat-band voltage Calculated V nI-1

K1 kl First order body effect coeffi
cient

0.5 yi/: nI-2

K2 k2 Second order body effect coef
ficient

0.0 none nI-2

K3 k3 Narrow width coefficient 80.0 none

K3b k3b Body effect coefficient of k3 0.0 1/V

WO wO Narrow width parameter 2.5e-6 m

Nix nix Lateral non-uniform doping
parameter

1.74e-7 m

Vbm vbm Maximum applied body bias in
Vth calculation

-3.0 V

DvtO dvtO first coefficient of short-chan

nel effect on Vth

2.2 none

Dvtl dvtl Second coefficient of short-

channel effect on Vth

0.53 none

Dvt2 dvt2 Body-bias coefficientof short-
channel effect on Vth

-0.032 lA^

DvtOw dvtOw First coefficient of narrow

width effect on Vth for small

channel length

0 1/m

Dvt 1w dvtwl Second coefficient of narrow

width effect on Vth for small

channel length

5.3e6 1/m
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Dvi2w dvt2w Body-bias coefficient of narrow
width effect for small channel

length

-0.032 lA^

uo uO Mobility at Temp = Tnom
NMOSFET

PMOSFET

670.0

250.0

cvrrfVs,

Ua ua First-order mobility degrada
tion coefficient

2.25E-9 m/V

Ub ub Second-order mobility degrada
tion coefficient

5.87E-19

Uc uc Body-effect of mobility degra
dation coefficient

mobMod

mobMod

=3:

-0.046
]/V

vsai vsat Saturation velocity at Temp =

Tnom

8.0E4 m/sec

AO aO Bulk charge effect coefficient
for channel length

1.0 none

Ass ass gate bias coefficient of Abulk 0.0 lA^

BO bO Bulk charge effect coefficient
for channel width

0.0 m

Bl bl Bulk charge effect width offset 0.0 m

Keia keta Body-bias coefficient of bulk
charge effect

-0.047 \/y

A1 al First non-saturation effect

parameter

0.0 \n/

A2 a2 Second non-saturation factor 1.0 none
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Rdsw rdsw Parasitic resistance per unit
width

0.0

Prwb prwb Body effect coefficient of Rdsw 0 y-\n

Prwg prwg Gate bias effect coefficient of

Rdsw

0 \/W

Wr wr Width Offset from Weff for

Rds calculation

1.0 TTone

Wint wint Width offset fitting parameter
from I-V without bias

0.0 m

Lint lint Length offset fitting parameter
from I-V without bias

0.0 m

dWg dwg Coefficient of Weffs gate
dependence

0.0 mA^

dWb dwb Coefficient of Weffs substrate

body bias dependence

0.0

Voff voff Offset voltage in the subthresh-
old region at large W and L

-0.08 V

Nfactor nfactor Subthreshold swing factor 1.0 none

EtaO etaO DIBL coefficient in subthresh

old region

0.08 none

Etab etab Body-bias coefficient for the
subthreshold DIBL effect

-0.07 lA^

Dsub dsub DIBL coefficient exponent in
subthreshold region

drout none

Git cit Interface trap capacitance 0.0 F/m-

Cdsc cdsc Drain/Source to channel cou

pling capacitance

2.4E-4 F/m-
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Cdscb cdscb Body-bias sensitivity of Cdsc 0.0 FA^m-

Cdscd cdscd Drain-bias sensitivity of Cdsc 0.0 FA^m-

Pclm pclm Channel length modulation
parameter

1.3 none

Pdiblcl pdiblcl First output resistance DIBL
effect correction parameter

0.39 none

Pdib]c2 pdiblc2 Second output resistance DIBL
effect correction parameter

0.0086 none

Pdiblcb pdiblcb Body effect coefficient of
DIBL correction parameters

0 lA^

Droui droui L dependence coefficient of the
DIBL correction parameter in
Rout

0.56 none

Pscbe1 pscbe1 First substrate current body-
effect parameter

4.24E8 V/m

Pscbe2 pscbe2 Second substrate current body-
effect parameter

l.OE-5 m/V nI-3

Pvag pvag Gate dependence of Early volt
age

0.0 none

5 delta Effective Vds parameter 0.01 V

Ngate ngate poly gate doping concentration 0 cm-^

aO alphaO The first parameter of impact
ionization current

0 mA^

al alpha] Isub parameter for length scal
ing

0.0 lA^

po betaO The second parameter of impact
ionization current

30 V
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Rsh rsh Source drain sheet resistance in

ohm per square

0.0 0/

square

JsOsw jssw Side wall saturation current

density

0.0 A/m

JsO js Source drain Junction saturation
current per unit area

l.OE-4 A/m-

ijth ijth Diode limiting current 0.1 A nI-3

A.3 C-V Model Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description
Default Unit Note

Xpart xpart Charge partitioning flag 0.0 none

CGSO cgso Non LDD region source-gate
overlap capacitance per
channel length

calculated F/m nC-1

CGDO cgdo Non LDD region drain-gate
overlap capacitance per
channel length

calculated F/m nC-2

CGBO cgbo Gate bulk overlap capaci
tance per unit channel length

0.0 F/m

Cj cj Bottom junction capacitance
per unit areaat zerobias

5.0e-4 F/m-
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Symbols
used in

equation

Symbols
used in

SPICE

Description
Default Unit Note

Mj mj Bottom junction capacitance
grating coefficient

0.5

Mjsw mjsw Source/Drain side wall junc

tion capacitance grading coef
ficient

0.33 none

Cjsw cjsw Source/Drain side wall junc

tion capacitance per unit area

5.E-10 F/m

Cjswg cjswg Source/drain gate side wall
junction capacitance grading
coefficient

Cjsw F/m

Mjswg mjswg Source/drain gate side wall
junction capacitance grading
coefficient

Mjsw none

Pbs\\ pbsw Source/drain side wall junc
tion built-in potential

1.0 V

Pb pb Bottom built-in potential 1.0 V

Pbsvvg pbswg Source/Drain gate side wall
junction built-in potential

Pbsw V

CGSl cgsl Light doped source-gate
region overlapcapacitance

0.0 F/m

CGDl cgdl Light doped drain-gate region
overlap capacitance

0.0 F/m

CKAPPA ckappa Coefficient for lightly doped
region overlap
capacitance Fringing field
capacitance

0.6 F/m

Cf cf fringing field capacitance calculated F/m nC-3

CLC clc Constant term for the short

channel model

0.1 E-6 m

CLE cle Exponential term for the short
channel model

0.6 none
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Symbols
used in

equation

Symbols
used in

SPICE

Description
Default Unit Note

DLC die Length offset fitting parame
ter from C-V

lint m

DWC dwc Width offset fitting parameter

from C-V

wint m

Vfbcv vfbcv Flat-band voltage parameter

(for capMod=0 only)

-1 V

noff noff CV parameter in Vgsteff,CV
for weak to strong inversion

1.0 none nC-4

voffcv voffcv CV parameter in Vgsteff,CV
for week to strong inversion

0.0 V nC-4

acde acde Exponential coefficient for
charge thickness incapMod=3
for accumulation and deple
tion regions

1.0 nW nC-4

moin moin Coefficient for the gate-bias
dependent surface potential

15.0 Vl/2 nC-4

A.4 NQS Parameters

Symbols Symbols
Unit Noteused in used in Description Default

equation SPICE

Elm elm Elmore constant of the channel 5 none
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A.5 dW and dL Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Wl wl Coefficient cf length depen
dence for width offset

0.0 m^''"

Win win Power of length dependence of
width offset

1.0 none

W\v ww Coefficient of width depen

dence for width offset

0.0 mWwn

Wwn wwn Power of width dependence of
width offset

1.0 none

Wwl wwl Coefficient of length and width
cross term for width offset

0.0 j^Wwn-HWIn

LI 11 Coefficient of length depen
dence for length offset

0.0 mLln

Lin lln Power of length dependence for
length offset

1.0 none

L\\ lu Coefficient of width depen

dence for length offset

0.0 mLvvn

Lwn lwn Power of width dependence for
length offset

1.0 none

Lwl lwl Coefficient of length and width
cross term for length offset

0.0 jy^Lwn+LIn

Lie Lie Coefficient of length depen
dence for CV channel length
offset

LI j^Lln
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Lwc Lwc Coefficient of width depen

dence for CV channel length
offset

Lw mLwn

Lwlc Lwlc Coefficient of length and width-
dependence for CV channel
length offset

Lwl jyjLwn+Lln

Wlc Wlc Coefficient of length depen
dence for CV channel width

offset

W1 mWIn

Wwc Wwc Coefficient of widthdependence
for CV channel width offset

Ww

Wwlc Wwlc Coefficient of length and width-
dependence for CV channel
width offset

Wwl jyjWln+Wwn

A.6 Temperature Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Tnom tnom Temperature at which param
eters are extracted

27 °C

|ite ute Mobility temperature expo

nent

-1.5 none
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Ktl ktl Temperature coefficient for
threshold voltage

-0.11 V

Kill ktll Channel length dependence of
the temperature coefficient for
threshold voltage

0.0 Vm

Kt2 kt2 Body-bias coefficient of Vth
temperature effect

0.022 none

Ual ual Temperature coefficient for
Ua

4.31E-9 mTV

Ubl ubl Temperature coefficient for
Ub

-7.61E-

18

Ucl ucl Temperature coefficient for
Uc

mob-

Mod=l,

2:

-5.6E-11

mob-

Mod=3:

-0.056

m/W~

\/V

At at Temperature coefficient for
saturation velocity

3.3E4 m/sec

Prt prt Temperature coefficient for
Rdsw

0.0 Q-pm

At at Temperature coefficient for
saturation velocity

3.3E4 m/sec

nj nj Emission coefficient of junc
tion

1.0 none

XTI xti Junction current temperature
exponent coefficient

3.0 none
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

tpb tpb Temperature coefficient of Pb 0.0 V/K

tpbsw tpbsw Temperature coefficient of
Pbsw

0.0 V/K

tpbswg tpbswg Temperature coefficient of
Pbswg

0.0 V/K

tcj tcj Temperature coefficient of Cj 0.0 l/K

tcjsw tcjsw Temperature coefficient of
Cjsw

0.0 l/K

tcjswg tcjswg Temperature coefficient of
Cjswg

0.0 l/K

A.7 Flicker Noise Model Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Noia noia Noise parameter A (NMOS) Ie20

(PMOS)9.9el8

none

Noib noib Noise parameter B (NMOS) 5e4

(PMOS) 2.4e3

none

Noic noic Noise parameterC (NM0S)-1.4e-
12

(PMOS) 1.4e-12

none

Em em Saturation field 4.le7 V/m
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Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Af af Flicker noise exponent 1 none

Ef ef Flicker noise frequency
exponent

1 none

Kf kf Flicker noise coefficient 0 none

A.8 Process Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Tox tox Gate oxide thickness 1.5e-8 m

Toxm toxm Tox at which parameters are
extracted

Tox m nl-3

Xj xj Junction Depth 1.5e-7 m

7l gamma 1 Body-effect coefficient near the
surface

calcu

lated

y\/2 nI-5

Y- gamma2 Body-effect coefficient in the
bulk

calcu

lated

\\'2 nl-6

Nch nch Channel doping concentration 1.7el7 1/cm^ nI-4

Nsub nsub Substrate doping concentration 6el6 1/cm^

Vbx vbx Vbs at which the depletion
region width equals xt

calcu

lated

V nI-7

Xt xt Doping depth 1.55e-7 m
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A.9 Geometry Range Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Default Unit Note

Lmin lmin Minimum channel length 0.0 m

Lmax lmax Maximum channel length 1.0 m

Wmin wmin Minimum channel width 0.0 m

Wmax wmax Maximum channel width 1.0 m

binUnit binunit Bin unit scale selector 1.0 none

A.lOModel Parameter Notes

nl-l. If V,M is not specified, it is calculated by

K/.0

where the model parameter V„=-1.0, IfV,^o is specified. Vfrg defaults to

nI-2. If Ki and K2 are not given, they are calculated based on

/f, = r:-2A:,>,-v,„
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where <i)js calculated by

®,=2V„oln
V ' /

k T1/ ^ g nom
^ mjO ~

\1.5 f

expn. = 1.45x10
300.15

21.5565981-
2V.

, 7.02xl0"'r,„
£„ = 1.16 2-

T +1108

where £go is the energy bandgap at temperature T„,

nl-3.

If pschel <= 0.0. a warning message will be given.

If ijth < 0.0, a fatal error message"will occur.

If Toxm < = 0.0, a fatal error message will occur.
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nI-4. If N^i, is not given and y, is given, is calculated from

N,, =^

If both Y, and not given, defaults to 1.7e23 m- and y, is

calculated from N^.^.

nI-5. If y, is not given, it is calculated by

• .. _

C
tKX

nI-6. If y, is not given, it is calculated by

nI-7. If V/„ is not given, it is calculated by

= O - V
2f.. "

nC-1. If C^so is not given, it is calculated by

if {die is given and is greater 0),
Cgso = die * Cox- Cg^l
if (Cg5r> < 0)

Cgso = 0

else Cgso = 0.6 Xj * Cox

nC-2. If Cgdo is not given, it is calculated by

if {die is given and is greater than 0),
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Model Parameter Notes

Cgdo = die * Cox - Cgd]
if {Cgdo < 0)

Cgdo = 0

else Cgdo = 0.6 Xj * Cox

nC-3. If CF is not given then it is calculated usin by

CF =
2£.

In
n

1 +
4x10

Tox

nC-4.

If {acde < 0.4) or {acde > 1.6), a warning message will be given.

If (moin < 5.0) or [moin > 25.0), a warning message will be given.

If {}iojf< 0.1) or {nojf> 4.0). a warning message will be given.

If ivoffcv < -0.5) or {voff'cv > 0.5), a warning message will be given.
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APPENDIX B: Equation List

B.l I-V Model

B.1.1 Threshold Voltage

75-+(K. +Ar„v;„e)r-^®,

-iwW-iwJ^VW-iwSjS'
FH

V-..-®.
2/,„

-At- exr - At;^
i

+ 2exp -At)-t
I '

K-O,)
//

-! exp: -D.„, ]+ 2exp[ -Ao/, -f- IW,. +Ao/yM,.tr V
I 1 y j

Ku. =
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1-V Model

It —-yjEsiXjep / Cox (1 + DvTlVhsefl)

llw —yJExiXjep / Cft (1 "I" DvTlyy Vhseft )

lii> —\ EiiXjepO / C(J

)CiUp —
2£vi(0.\ )

qK>

X'lii'O —
2£wO,

qN >

(61=0.001)

Vh:fetf —Vbc +0.5[ —Vbi —<5l +yj(Vbs Vhc —<5l) —4^1 V^* ]

v; =0.910),—
V I

Vh, = V, ln( ;—)
nr

B.1.2 Effective (Vgs-V,;,)

B-2

Vn^tfrt —

2 n w In 1+exp(-^ )
1 n Vf

, 2<D.^ V,.-V,H.2V.n
1+ 2/2 Co.v. I 77- exp( 7 )

qEuNih I n vi
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I-V Model

(G>. +G<i/Vj> +0»<y'Vfe<f)fexp(-Z>Ti^)+2exp(-Z>Ti^) I
, ,, Ci \ 2/; h ) ,

/? = 1+ f^tan<T ~~ ~ ^
Cu Cn Cn

r -Ld —
Xd.'cp

B.1.3 Mobility

For mobiMod=

" ViW/7+2V/A + 2Vf/I ;1+ iU. + a Vhurr){ ) + Uh{ )
Tos Tox

For mobMod=2

\+(U.-u. )(^^)+Ui,(.^^y
Tox Tox

For mobMod=3

tt
, rrr , + 2V;/i Vfsiej) + 2Vih 2^̂ ^ , JJ^; \\+[Ua{ )+Ub{ ) ]{l+UcVh>cp)

Tox Tox
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-V Model

B-4

B.1.4 Drain Saturation Voltage

For 0 or X ^ 1:

b = -

Vjsui —
-b-slb' -4ac

2a

a = Ahulk'WHfVsalCtnRoS + I) A hulk
A

{Vfisu'ti + 2vf)(—— 1) + AhulkEuitLcn + 2i Ah!iik{Vvuc'! + 2vi)\VttfV\tiiC'iRi'>>
A

C= (Vgxieff + 2vt)EsotLcff + 2{y^ucff + 2v'f) WeffVsatCoxRoS

For R^, = 0 and A= 1:

\A(isat —

1+
K

A = AiVvu«:r; + A:

Esat Leff {V^sieff +2\'/)

Abulk Esat Leff + {Vgsteff + 2Vf)

i-AXw,
4., ]1i '

\

1

[£.„+2v'X,X„„ Î"--', \+Keta\l.„
/
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I-V Model

2v.uf

B.1.5 Effective

Vdseff =VdMV ——̂dsai ~Yds —3+ yj(Vdsai —Yds ~3) +45Uisa/j

B.1.6 Drain Current Expression

, ^ Vjy —Vjun
^̂ RjsLhniVJ.uv \ Va

Vj.n

/ Yj.-Vjsc,
1 +

V.A SCBE

Ydseff ,, j
WeffU^ffCoxYp.ueff( \ - Ahulk —-)Vdseff

+ 2vt)
Licfi [1+ Yd^cff / (EsatLcff)]

PvdVViltffft . 1 1 v_l
Ya = V.Av,;.' + (1+ ———- )(— I" :r )

EsatLefl \ ACLM VADIBLC

AbulkEsaiLeff "^Ygsieff .
YaCLM = ; {Yds —Ydseff )

PcUdAhulkEsat Utl
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I-V Model

6-6

Vadiblc =
( Vvv/ejT + 2v/)

1-
AhulkVdsai

Orout{ \ + PDIBLCBVhxeff) V AhulkVdsut + Vasieff + 2Vf y

^oui = PoiBLCi e\p(-DRouT +2exp(-D/?0LT —^)
2/fO I'O

+ Pdiblci

1 Psche2
exp

'-Psche\ litn

^ Vja —\^Jseft jVaSCBE Left

^ T, r, AhulkVdsai ^
EsatLift + Viha! + 2RDSVui!C>-xWtrtVi;sicft[\ — ~ ~]liy^steft + 2Vr)

2 / A —1"H RDSVMitCiixWeftAhiilk
\^A.uii —

lit! =

B.1.7 Substrate Current

=

Oq +aj L
exp

fto
V -V^ </. ^ ihrn

V
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I-V Model

B.1.8 Polysilicon Depletion Effect

^pol\ ~ ^ ^ poh'^poh

^o.x^n.x ~ ^poly ^poly

\/ _\/ -d) =V , +V

"(!',. -I'. =0

a =

2qr.N,.J..,

V =V' +0 +^ KS.'I
^^si^autXin

B.1.9 Effective Channel Length and Width

L,ejf —Indrawn —IdL

Wrfl = Wdra.. - 2dW
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I-V Model

W.ff ra\*n ""IdW

dW =dW+dW,V^,„j, +dW,(^4). -v,„„ -)
w w w

dW = W.^, +^+-^+ - —int ^W" In'y^VV'u/j

rij — J 4- J.Hnt jJ^\n jJ.\t\ Lwn

B.l.lOSource/Drain Resistance

(lonv/f

B.l.llTemperature Effects

V'̂ /,,7-, = Vth(Tmmu-\-{Kr\-\-Ki\i! L-ff + KnVhuir)(T/ —1)

T
jJL>iT) = jJi>iTniirm){

Tninn

T) —Wrtfi Tmnn) —Ar( T / Tniim 1)
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Capacitance Model Equations

T
/?(.'<>. iT) — (Tniirm) + Pr /( 1)

Tnorm

UtnT> = UtnTnurm) + Ua\{T / Tnorm —1)

Uiu Ti —Uh[ Tnorm) + Uh\{T / Tnorm —1)

U> iT ) —V ' Tnorm )+ l( 7" / Tnorm —])

B.2 Capacitance Model Equations

B.2.1 Dimension Dependence

i^actixc ^drawn

_ ^ Lie Lwc Lwlc
<S.,, = DLC-^—t7- + —t— +\^Lw" jL\n^L^n

CtT7 WWICdW., = DWC+TnTTT + +efl j^lnp^W'MTi
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Capacitance Model Equations

B.2.2 Overlap Capacitance

B.2.2.1 Source Overlap Capacitance

(1) for capMod = 0

= CGSOV^,
W.

(2) for capMod =

4V

IfV,,<0

Q.iM rliip .\
= CGSOV... +

CKAPPA •CG51
-1 +Jl-

CKAPPA

B-IO

Else

Qmerhtp.- =(CG50 + CKAPPA •CG51) •V,,

(3) for capMod = 2

f 4V
=^i^ = CG5DV +CG51
W

V. -V,
CKAPP/:

v.nertui' ^ -i+,n--
as.i'verlap

CKAPPA

V. =\(v„+5, -V(v.,+5j+45, ) 5, =0.02
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Capacitance Model Equations

B.2.2.2 Drain Overlap Capacitance

(1) for capMod = 0

Qcvtrlap.J _
\v.

(2) for capMod = 1

in;,<o

w,
= CGDO V,, +

Else

= CGDOV.

CKAPPA CGD\
f

-1+Jl-
4V,,

CKAPPA

= (CGDO + CKAPPA •CGD\) \\
W,.,,

V,I

(3 ) for capMod = 2

=CGIDV^,i+CGn -Vill 2
CKAPPA

-1+Jl-
4V.

CKAPPA

Vfid.dVcrUip
5, =0.02

2 V /
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Capacitance Model Equations

B.2.2.3 Gate Overlap Charge

Qoverlap.g (Qoverlap.s Qoverlap.d )

B.2.3 Instrinsic Charges

(1) capMod = 0

a. Accumulation region + Vf,,)

Q.=w .i., c„.(v,-v,.-v„„)

e„.=-e,

a„=o

b. Subthreshold region < V,/,)

n =_u/ T r
iKtiM ilitnc m -j

e.=-a

a:.
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Capacitance Model Equations

Q,r. =0

c. Strong inversion {V > V,,,)

^ru:i ^r>ii 11'

K
i>'i

V -V'

\ ulk

/ / \CLE \
(CLC^

1 +

A)A/' . -^0

^,h = +^. + I,.A ~^bscfl

(i) 50/50 Charge partition

v _v _<I) ^hul}^^KS ^fhi.\ ^ (

1+ KetaX^^^

O =C W Liii; (Ulnt^UfHit

12 V -V -
V/i

Au/tK/,«
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Capacitance Model Equations

'2 I/. 2
Ah,,11,' \^ds Ahull-

2

,, , _ ,,, V , (ft I ^̂ ~^bulk'(! - ^hulk' ,
Ql- = W,umcKum'C"4Vp - V-" +^ + 5 J—' I

- l2(V„-V,k-^^Vjs)
•?

Al,n ' Ah„ii. ~ Vk*'a =a=«5G,„. =-KduA,.„.A^iv,k-Vd.-^^+— ]
^ 12(Vgs-V,i,-^Vd.)

Otherwise

Qk = vv -v,i, -0,-^-^)

Q.< = Q.I

(I—Ahull-' )yds<ti
Ql- = - V,l. + )

(ii) 40/60 channel-charge Partition
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Capacitance Model Equations

if < V'̂ wh)

_ Vds Abulk Vds' ,

» • V. - 4> - - » '
J2(Vf!s - v.h •)

^huik Ah,.ii VirfA/>«/A

^ 12(V,s-Vth-^^Vds)
2

]

n ir 7 7" fl': Vj I I ^hulk ^^hulk 7
J2(V,'s-V,h-^^Vds)

2

Q.I

>.'•/ ^ S 40

rv^rv-V//.-^^Wsr

(2' = —{Qv + Qh+ Qj)

otherwise

Qf^ = ^ai tnc^acme^"'(^f' - V.fh - 0s —)
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Capacitance Model Equations

= -(Qk + Qh + Qd)

(I — ')Vdsat

(iii) 0/100 Channel-charge Partition

if ^</.v < ^dsiit

Vds A bulk Vds'Q:' =CoxW^^„,^L^,^.„,J\^:^-V:b- s ^ + Ahulk Vds
' I2(V,'s-Vd, : )

^ ,,r r /- ri' , •'̂ bulk " ^ds'Qtnv - - W fis \ th Au II,'
I2(V,^-V,i,--^Vds}

^ r.r ^ (^~\ulk')^ds - ^bulk')^hulk 7=w,,„,,L,,,,cu/V/. - w.+ r^w;r^
^ I2(V^s-Vth--^Vds)

2
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Capacitance Model Equations

Qd ^<u in c
V7:a - Vih ^ ^̂ ' ^bulk(Ahull: '^ds)'

^ 24(Vs! - V,H - Vd!)

Q =-(Q, + Q^+ QA

Otherwise

_ Vdsai ^
e. = i-,„m.c..vn',. - v„.- —->

(1 ~ Ahufi )yds(ii
Q" = -vv;„„..i-,„„„c,..vrvfl,+0> - v„.+ )

a=o

qs =-{q, +eJ

(2) capMod = 1

ForcapMod = 1. if version < 3.2, the V^, is calculated from
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Capacitance Model Equations

otherwise is calculated from the above equation but under bias

independent V,,,.

if (V„^ < Vfi, + Vhs+

Qn' =-^acUveKcuve^nx ' Vfi '̂effcr)

else

n -W L C -1 + 1 +
-K.,J

1 +

a:,

Qh, = -2x/

V^.i;steftc\

dsal.iv

hulk

rcLC^
^hulk "^buIkO 1 +

V^eit /

K, ^)^eft ^
L,.„ +2^XjX,,„ WC/+5, 11

V * ' //
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Capacitance Model Equations

{V.,-V.,-voffcv'̂
1+exp

noff nv
=noffnv,]x\

if < = ^'dsJ

Q..=Q^'^ U' L ClU n\i !l\( ^ ru

,, Vd' ^hulk ^^ds'
"2 ( A

12 V.
bulk

V.ds

Qr = Qb I+
^ ^hulk v.- ,

I2\ V.

~ ^hulk )^bulk ^^ds'
^hulk

(i) 50/50 Channel-charge Partition

\/
)lsiefU\ ~f dx

C?- = C?..' = -
U' L C** 4;, t ^ut tn f ^ im ^hutk ' ^huu''

A'.wf/r
^b„ikJ2\ V)!Mf_t1C\ </^

(ii) 40/60 Channel-charge partition
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Capacitance Model Equations

a=-
W . L C
^ active '^active f

^ ~JK'l'f-'l ' +̂ (aw4 'Ki. )' )

Qd = -(Qr^ Qb + Qs)

(iii) 0/100 Channel-charge Partition

Qs f^Ui in <•
f ^ ^hulk ^tl\ (^hulk Kh)

y i
HsU'tUn (Ik

\ ' I > )
24

Qd = -(Q^ + Qh + Qk)

if (Vds > K.'v.,/)

{\j Vdsai ^Q,^ ~Qr^ ^^^(i(ii\e^(Utne^(i.\\^}:ste!f'̂ ^ j

Qh ~ Q^^ ^iuine^iiitive^d
{yasteffn ^(isut )
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Capacitance Model Equations

(i) 50/50 Channel-charge Partition

W L Cy-x Ui Uvc ^active ^ ox 1/
C/, =Ud ;

(ii) 40/60 Channel-charge Partition

^ ~ ii( live ^(Uinc^m y

Qj = -(+ Qh + Qs)

(iii) 0/100 Channel-charge Partition

2V
n - -U' / r\2s ~ (unvc^ai'iive^ox 3

ci

Q,i = -(+ Qf' + Q')

(3) capMod = 2

For capMod = 2. if version < 3.2, is calculated from
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Capacitance Model Equations

otherwise is calculated from the above equation but under bias

independent This is the same as that in capMod = 1.

Qg =-(Q,nv +Qacc +QsubO +

Qb = Qacc + QsubO + ^Qsub

Qinv = Qs +Qd

^FBcH -+4S^\fb^ nliere Vy = -5,; S, =0.02

Qux ~ ^iumv^xumf^oxl^F&Tt )

K.
(1 = -W L C —^

>.7W> lUlnr itcnve <>i

4(V, -V..,,,, )
- 1 + . 1 +

V
dsai.cv

^hulk ~ ^buikO

^gsteff. c

bulk

1 +

/ \CLE
' CLC >

V̂ active j

K,
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Capacitance Model Equations

=h+
K.

2J0. -V'h\rfl

A)

L,„ +2^X,X,„, w;/+5.
//

1+ exp

V V
noffnv,

1 +

JJ

=Ki.a.a -0.5| V, +^/V/ +4^,Vjw...v| w/t^re V, = -54; 5, =0.02

1; ^hulk I7
"> » . *>

A V^bijk *nt:n

a. =-IV L C
iJ. .'Ill thU\t ('\

/in = \V L C
'^uih * (Kdw^H' dii-^ fM

A ' ^V/ ,,-^V
asifft « ni'tf12

\

i~^hulk t; (' Mfa'-V
nrfl ( A

12V - V' ^gMl-tti V .-> tMV

y/
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Capacitance Model Equations

B.2.3.1 50/50 Charge partition

a=a=o.5s..=-
W L C

onif aiiif la

1211/ V ^pteffix 2
JJ

B.2.3.2 40/60 Channel-charge Partition

a=-

•^y
•i VfJ/ -) >'"'11

2] V -4i!!L V/
21 K>'̂ o' i4y/ Y.,rt) + ^"7/ i

B.2.3.3 0/100 Charge Partition

a =- W L C
lUttw lUtnf i>\

Qj o

siettcv A ' V^hulk
+

^^stepn ^^hulk Viffr

A ' ^
041 V - V
" ' iMtt

(^/juM Kicrr )
8 V

hulk

esiepw
V

lu-n

J )
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Capacitance Model Equations

(3) capMod = 3 (Charge-Thickness Model)

capMod = 3 only supports zero biase V^, i.e. is calculated from bias

independent V,/, regardless of the version number. This is different from

capMod = 1 and 2.

For the finite charge thickness (X^c) formulations, refer to Chapter4.

Qacc oxeff f^bacc

+yjVy' where V-; =\ft>--S^; 5,=0.02

c c^ _ ^ox^cen

^ ar ^ cvn
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Capacitance Model Equations

c =V
/X

DC

<fs =<!>. -2^8 =v, 'n moinK^„y;

Q =-WLC,yC'tnv

K,.
-1+ 1+

i
4/V -V ]*hy,-r- *C>;,f?.. ;/

K,

V.,, =v,.„-^-(v, +V^r+45,v,.J

\/ =\/ _\/
* 1 ^ ,hu! ^ </« ^ «

v^-... .. -(Pfi

'̂ h.H '

A '- V-
hulk i\tt1

-Z '̂\ulkK.ert +
f A 'V

I T U —ff) r.i-n /

/J
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Capacitance Model Equations

a=-

G.=-

\-Abulk 1 r ~ ^bulk )•^bulk cvefl

cvcft ( 4 ' 1/ /
\J fn — /^gsietf.n ~^6 /212-

(i) 50/50 Charge Partition

\ulk Ml
Qs—Q{i~^Q'. ^ 4 'V

19. V —(n '''V^Ksleffn T(5 /2

(ii) 40/60 Charge Partition

.ill Vw" 1'•

A .'\' ..

(iii) 0/100 Charge Partition

WLChxcp

Qs=-
.. 1A .y A>u/<: ^cvefl
*gSKP.CV ^^ 2 '' ^ \u,kXxr,/^

12-

JJ
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Capacitance Model Equations

Qo=-
WLCoxeff

1 A ''V'./ _ _3 ^hulk
^\ulk ^cveff"^ / A 'V /
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APPENDIX D; Model Parameter Binning

Below is the information on parameter binning regarding which model parameters can or

cannot be binned. Ail those parameters which can be binned follow this implementation:

/>=/j+A+A+—^—
L...

For example, for the parameter kl: ?(>= kl, Pl= Ikl, P\v= wkl, Pp= pkl. binUnit is a
binin2 unit selector. If binUnii = 1. the units of and used in the binning equation

above have the units of microns: therwise in meters.

For example, for adt vice with L^fj =0.5|im and = lOpm. IfbinUnit = 1. the parameter
values for vsai are le5. Ie4. 2e4. and 3e4 for vsat. Ivsat, wvsai, and prsal, respectively.

Therefore, the effective value of vsa! for this device is

vsat= le5+ le4/0.5 + 2e4/10 + 3e4/(0.5*10) = 1.28e5

To set the same effective value ofvsai for binUnit =0. the values of vsot. Ivsot. wvsat. and

pvsat would be le5. le-2. 2e-2, 3e-8, respectively. Thus,

vsat = le5 + le-2/0.5e6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * lOe-6) = 1.28e5
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Model Control Parameters

D.l Model Control Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

None level The model selector NO

None version Model version selector NO

None binUnit Bining unit selector NO

None param-

Chk

Parameter value check NO

mobMod mobMod Mobility model selector NO

capMod capMod Flag for the short channel
capacitance model

NO

nqsMod nqsMod Flag for NQS model NO

noiMod noiMod Flag for Noise model NO

D.2 DC Parameters

D-2

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

VthO VthO Threshold voltage @V^.,=0 for
Large L.

YES

VFB vfb Flat band voltage YES

K1 kl First order body effect coeffi
cient

YES

K2 k2 Second order body effect coef
ficient

YES

BSIM3V3.2 Manual Copyright © 1997-1998 UC Berkeley



DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

K3 k3 Narrow width coefficient YES

K3b k3b Body effect coefficient of k3 YES

WO wO Narrow width parameter YES

Nix nix Lateral non-uniform doping
parameter

YES

DvtO dvtO first coefficient of short-chan

nel effect on Vth

YES

Dm! dvil Second coefficient of short-

channel effect on Vth

YES

Dvi2 dvi2 Body-bias coefficient of short-
channel effect on Vth

YES

DvtOvv dvtOw First coefficient of narrow

width effect on Vth for small

channel length

YES

Dvt 1w dvtw 1 Second coefficient of narrow-

width effect on Vth for small

channel length

YES

Dvi2w dvt2\v Body-bias coefficient of narrow
width effect for small channel

length

YES

MO uO Mobility at Temp = Tnom
NMOSFET

PMOSFET

YES

Ua ua First-order mobility degrada
tion coefficient

YES

Ub ub Second-order mobility degrada

tion coefficient

YES
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Uc uc Body-effect of mobility degra
dation coefficient

YES

vsat vsat Saturation velocity at Temp =
Tnom

YES

AO aO Bulk charge effect coefficient
for channel length

YES

Ags ags gate bias coefficient of Abulk YES

BO bO Bulk charge effect coefficient
for channel width

YES

B1 bl Bulk charge effect width offset YES

Keta keta Body-bias coefficient of bulk
charge effect

YES

A! al First nonOsaturation effect

parameter

YES

A2 a2 Second non-saturation factor YES

Rdsw rdsw Parasitic resistance per unit
width

YES

Prwb prwb Body effect coefficient of Rdsw YES

Prwg prwg Gate bias effect coefficient of

Rdsw

YES

Wr wr Width Offset from Weff for

Rds calculation

YES

Wint wint Width offset fitting parameter
from I-V without bias

NO

Lint lint Length offset fitting parameter
from I-V without bias

NO

BSIM3v3.2 Manual Copyright © 1997-1998 UC Berkeley D-4



DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

dWg dwg Coefficient of Weff's gate
dependence

YES

dWb dwb Coefficient of Weffs substrate

body bias dependence

YES

Voff voff Offset voltage in the subthresh-
old region for large W and L

YES

N factor nfactor Subthreshold swing factor YES

EtaO etaO DIBL coefficient in subthresh

old region

YES

Etab etab Body-bias coefficient for the
subthreshold DIBL effect

YES

Dsub dsub DIBL coefficient exponent in
subthreshold region

YES

Cit cit Interface trap capacitance YES

Cdsc cdsc Drain/Source to channel cou

pling capacitance

YES

Cdscb cdscb Body-bias sensitivity of Cdsc YES

Cdscd cdscd Drain-bias sensitivity of Cdsc YES

Pclm pclm Channel length modulation
parameter

YES

Pdiblcl pdiblcl First output resistance DIBL
effect correction parameter

YES

Pdiblc2 pdiblc2 Second output resistance DIBL
effect correction parameter

YES

Pdiblcb pdiblcb Body effect coefficient of
DIBL correction parameters

YES
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DC Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Drout drout L dependencecoefficient of the
DIBL correction parameter in
Rout

YES

Pscbe 1 pscbe 1 First substrate current body-
effect parameter

YES

Pscbe2 pscbe2 Second substrate current body-

effect parameter

YES

Pvag pvag Gate dependence of Early volt
age

YES

5 delta Effective Vds parameter YES

Ngate ngate poly gate doping concentration YES

aO alphaO The first parameter of impact
ionization current

YES

al alpha! Isub parameter for length scal
ing

YES

po betaO The second parameter of impact
ionization current

YES

Rsh rsh Source drain sheet resistance in

ohm per square

NO

JsO js Source drain junction saturation
current per unit area

NO

ijth ijth Diode limiting current NO
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AC and Capacitance Parameters

D.3 AC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Xpart xpart Charge partitioning rate flag NO

CGSO cgso Non LDD region source-gate
overlap capacitance per
channel length

NO

CGDO cgdo Non LDD region drain-gate
overlap capacitance per
channel length

NO

CGBO cgbo Gate bulk overlap capaci
tance per unit channel length

NO

Cj cj Bottom junction per unit area NO

Mj mj Bottom junction capacitance
grating coefficient

NO

Mjsw mjsw Source/Drain side junction
capacitance grading coeffi
cient

NO

Cjsw cjsw Source/Drain side junction

capacitance per unit area

NO

Pb pb Bottom built-in potential NO

Pbsw pbsw Source/Drain side junction
built-in potential

NO

CGSl cgsl Light doped source-gate
region overlap capacitance

YES

CGDl cgdl Light doped drain-gate region
overlap capacitance

YES
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AC and Capacitance Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

CKAPPA ckappa Coefficient for lightly doped
region overlap
capacitance Fringing field
capacitance

YES

Cf cf fringing field capacitance YES

CLC cic Constant term for the short

channel model

YES

CLE cle Exponential term for the short
channel model

YES

DLC die Length offset fitting parame
ter from C-V

YES

DWC dwc Width offset fitting parameter
from C-V

YES

Vfbcv vfbcv Flat-band voltage parameter

(for capMod = 0 only)

YES

noff noff CV parameter in VgsteffCV
for weak to strong inversion

YES

voffcv voffcv CV parameter in VgsteffCV
for weak to strong inversion

YES

acde acde Exponential coefficient for
charge thickness in capMod=3
for accumulation and deple
tion regions

YES

moin moin Coefficient for the gate-bias
dependent surface potential

YES
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NQS Parameters

D.4 NQS Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Elm elm Elmore constant of the channel YES

W and dL Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Wi wl Coefficient of length depen
dence for width offset

NO

Win win Power of length dependence of
width offset

NO

W\v ww Coefficient of width depen

dence for width offset

NO

Wwn wwn Power of width dependence of
width offset

NO

Wwl wwl Coefficient of length and width
cross term for width offset

NO

LI II Coefficient of length depen
dence for length offset

NO

Lin lln Powerof lengthdependence for
length offset

NO
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dW and dL Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Lw lw Coefficient of width depen
dence for length offset

NO

Lwn lwn Power of width dependence for
length offset

NO

Lwl lwl Coefficient of length and width
cross term for length offset

NO

Lie Lie Coefficient of length depen
dence for CV channel length
offset

NO

Lwc Lwc Coefficient of width depen
dence for CV channel length

offset

NO

Lwlc Lwlc Coefficient of length and width-
dependence for CV channel
length offset

NO

WIc Wlc Coefficient of length depen
dence for CV channel width

offset

NO

Wvvc Wwc Coefficient of widthdependence

for CV channel width offset

NO

Wwlc Wwlc Coefficient of length and width-
dependence for CV channel
width offset

NO
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Temperature Parameters

D.6 Temperature Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Tnom tnom Temperature at which param
eters are extracted

NO

|iie ute Mobility temperature expo

nent

YES

Kil kil Temperature coefficient for
threshold voltage

YES

Kill kill Channel length dependence of
the temperature coefficientfor
threshold voltage

YES

Kt2 ki2 Body-bias coefficient of Vth
temperature effect

YES

Ual ual Temperature coefficient for
Ua

YES

Ubl ubl Temperature coefficient for
Ub

YES

Ucl ucl Temperature coefficient for
Uc

YES

At at Temperature coefficient for
saturation velocity

YES

Pri prt Temperature coefficient for
Rdsw

YES

nj nj Emission coefficient YES

XTI xti Junction current temperature
exponent coefficient

YES
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Flicker Noise Model Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

tpb tpb Temperature coefficient of Pb NO

tpbsw tpbsw Temperature coefficient of
Pbsw

NO

tpbswg tpbswg Temperature coefficient of
Pbswg

NO

tcj tcj Temperature coefficient of Cj NO

tcjsw tcjsw Temperature coefficient of
Cjsw

NO

tcjswg tcjswg Temperature coefficient of
Cjswg

NO

D.7 Flicker Noise Model Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Noia noia Noise parameter A NO

Noib noib Noise parameter B NO

Noic noic Noise parameter C NO

Em em Saturation field NO

Af af Flicker noise exponent NO
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Process Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Ef ef Flicker noise frequency
exponent

NO

Kf kf Flicker noise parameter NO

D.8 Process Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Tox tox Gate oxide thickness NO

Toxm toxm Tox at which parameters are
extracted

NO

Xj Junction Depth YES

Yl gamma 1 Body-effect coefficient near the
surface

YES

gamma2 Body-effect coefficient in the
bulk

YES

Nch nch Channel doping concentration YES

Nsub nsub Substrate doping concentration YES

Vbx vbx Vbs at which the depletion
region width equals xt

YES

Vbm vbm Maximum applied body bias in
Vth calculation

YES

Xt xt Doping depth YES
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Geometry Range Parameters

D.9 Geometry Range Parameters

Symbols
used in

equation

Symbols
used in

SPICE

Description Can Be

Binned?

Lmin lmin Minimum channel length NO

Lmax lmax Maximum channel length NO

Wmin wmin Minimum channel width NO

Wmax wmax Maximum channel width NO

binUnit binUnit Binning unit selector NO
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