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10.1 Introduction

General Remarks

MOS Model 9 is a compact MOS-transistor model, intended for the simulation of cir-
cuit behaviour with emphasis on analogue applications. The model gives a complete
description of all transistor-action related quantities: nodal currents and charges,
noise-power spectral densities and weak-avalanche currents. The equations describ-
ing these quantities are based on the gradual-channel approximation with a number
of first-order corrections for small-size effects. The consistency is maintained by
using the same carrier-density and electrical-field expressions in the calculation of
all model quantities. Model 9 only provides a model for the intrinsic transistor. Junc-
tion charges and leakage currents are not included. They are covered by the separate
Juncap model. Similarly, interconnect capacitances are deferred to the Intcap or
ConnectDPEM model.

Structural Elements of Model 9
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Model 9 is separable into a number of relatively independent parts, namely

* Preprocessing: The complete set of all the parameters, as they occur in the equa-
tions for the various electrical quantities, is denoted as the set of actual parameters,
usually called the "miniset”. Each of these actual parameters can be determined by
purely electrical measurements. Since most of these parameters scale with geome-
try and temperature the process as a whole is characterized by an enlarged set of
parameters, which is denoted as the set of reference and scaling parameters, usu-
ally called the "maxiset”. This set of parameters contains most of the actual parame-
ters for a reference device, a large set of sensitivity coefficients and the reference
conditions. From this, the actual parameters for an arbitrary transistor under non-
reference conditions are obtained by applying a set of transformation rules to the
reference parameters. The transformation rules describe the dependencies of the
actual parameters on the length, width, and temperature. This procedure is called
preprocessing, as it is normally done only once, prior to the actual electrical simula-
tion.

* Clipping: For very uncommon geometries or temperatures, the preprocessing
rules may generate parameters that are outside a physically realistic range or that
may create difficulties in the numerical evaluation of the model, for example divi-
sion by zero. In order to prevent this, all parameters are limited to a pre-specified
range directly after the preprocessing. This procedure is called clipping.
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» Current equations: These are all expressions needed to obtain the nodal currents
as a function of the bias conditions. They are segmentable in equations for the chan-
nel current and for the bulk current. For the channel current many auxiliary equa-
tions are needed, e.g. equations for the threshold voltage including back-bias
dependency and small-size corrections, for the channel-conductance including
mobility reduction and velocity saturation effects, and for the subthreshold region.
These finally lead to an expression for the channel current Ips. Due to the small

device dimensions, high electrical fields occur, in particular in the vicinity of the
drain. The carriers that are responsible for the channel current, can gain sufficient
energy from this electrical field to induce electron-hole-pair creation. In turn, for an
n-channel device, these extra electrons contribute to the channel current as do the
holes to the bulk current. Vice versa, the same holds for p-channel devices.

* Charge equations: These are all the equations that are used to calculate the
charge quantities Qp, Qg, Qs, and Qg, which are assigned to the nodes. To a large

degree the same auxiliary expressions are used as for the current equations. In a
few instances deviations were necessary for numerical reasons.

* Noise equations: The total noise output of a transistor consists of a thermal- and
a flicker-noise part. They create fluctuations in the channel current. Because of the
capacitive coupling between gate and channel region, also current fluctuations in
the gate current are induced. These two aspects are covered in Model 9 by assign-
ing two correlated noise-current sources, one connected between drain and source,
the other one between gate and source, and an uncorrelated noise-current source
between drain and source. The correlated current sources are directional!

* Embedding model 9: The electrical model only describes the behaviour of an n-
channel device. Therefore, any p-channel device and its bias conditions have to be
mapped onto those of an equivalent n-channel transistor. This mapping comprises
a number of sign-changes. Also, the model describes a symmetrical device, i.e. the
source and drain nodes can be interchanged without changing the electrical prop-
erties. The assignment of source and drain to the channel nodes is based on the
voltages of these nodes: for an n-channel transistor the node at the highest potential
is called the drain. In a circuit simulator the nodes are denoted by their network
numbers, based on the circuit configuration. Again, a transformation is necessary
involving a number of sign changes, including the directional noise-current
sources.

Structure of the Documentation

After this introductory section, first the nomenclature as it is used in this model is
defined. Next, there is a separate section on the physical background of the model.
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Then, each of the structural elements of model 9 is discussed in detail. Finally, a
chapter on the general validity range is added. More precise information on the
accuracy for a certain type of transistor can be found in the appropriate process doc-
ument, because such a discussion only makes sense in combination with a specific
parameter set. One is therefore referred to the various “Blue Books” (design rules,
parameter sets etc.).

10.1.1 Changes from MOS level 902

* A new flicker noise model has been added, which can be selected by setting the
switch NFMOD to 1. Selecting the default value NFMOD = 0 yields the previous
level 902 flicker noise model. In this way backwards compatibility is achieved.

* The coefficients Wpog and fel have been put in their logical position in the list

of scaling parameters.

e In Pstar 4.0, two bugs have been fixed. First, the 63 -clipping is removed and is

circumvented by using suitable ‘hyp-functions’. Second, the back-bias range
described by the model is extended from -0.5(@g t0-0.9 @5 .
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New geometry scaling rules

* New scaling rules have been implemented in MOS Model 9 for the parameters in
the electrical model indicated in the table below. These new scaling rules lead to a
considerably improved modelling accuracy, especially for devices with pocket

implantations.

Parameter Parameter New parameter

description electrical model geometrical model

Gain factor B fB 1 Llp g
fB, 2 LP, 2

Body effect Ko SLZ'KO

at low back-bias

Body effect K SL2-K

at high back-bias

Threshold voltage V1o SLav,,

Drain-induced Yoo SL2ye

barrier-lowering

Mobility reduction 0, Jo1

* The default values of the new parameters have been chosen in such a way that
the adapted model is backwards compatible. If they are not specified, you won’t

notice the change.
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10.2 Nomenclature

The symbolic representation and the programming names of the quantities listed in
the following sections, have been chosen in such a way to express their purpose and
relations to other quantities and to preclude ambiguity and inconsistency.

10.2.1 Glossary of used symbols

384

All parameters which refer to the reference transistor and/or the reference tempera-
ture have a symbol with the subscript R and a programming name ending with R.
All characters 0 (zero) in subscripts of parameters are represented by the capital let-
ter O in the programming name. Scaling parameters are indicated by S with a sub-
script where the variables on which the parameter depends, preceed a semicolon
whereas the parameter succeeds it, e.g. St .g;. Generally, voltages related to energy

levels are indicated by ¢, exponents by n, the small smoothing parameters by € and
the model constants by A. In the programming names, the greek characters are
abbreviated by the first three letters of their names, e.g. 3 by BET.

The drain, gate, source and bulk terminals are indicated by D, G, S and B respec-
tively.

The electrical variables are split into the external electrical variables which represent
the electrical quantities, observed at the nodes of the physical device, and the inter-
nal electrical variables.
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External Electrical Variables

The definitions of the external electrical variables are illustrated in Fig. 43.
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Figure 43: Definition of the external electrical variables
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No.

10

11

12

13

14

15

Variable

Prog. Name Units

VDE

VGE

VSE

VBE

IDE

IGE

ISE

IBE

QDE

QGE

QSE

QBE

SDE

SGE

SSE

\Y

\%

Description

Potential applied to the drain node

Potential applied to the gate node

Potential applied to the source node

Potential applied to the bulk node

DC current into the drain

DC current into the gate

DC current into the source

DC current into the bulk

Charge in the device attributed to the drain node

Charge in the device attributed to the gate node

Charge in the device attributed to the source
node

Charge in the device attributed to the bulk node
Spectral density of the noise current into the

drain

Spectral density of the noise current into the
gate

Spectral density of the noise current into the
source
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No. Variable Prog. Name Units Description

A Cross spectral density of the noise current into

e

16 SDG SDGE the drain and the noise current into the gate

17 Se SGSE AZs Cross spectral dens_ity of the r_10ise current into
GS the gate and the noise current into the source

18 g° SSDE AZs Cross spectral density of the no!se current i_nto
SD the source and the noise current into the drain
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Internal Electrical Variables

No.

1

10

11

12

13

388

Variable Progr. Name

lavL

Qb

Qe

Qs

Qs

VDS

VGS

VSB

IDS

IAVL

QD

QG

QS

QB

STH

SFL

SIG

SIGTH

Units Description

\Y

\Y

Drain-to-source voltage applied to the equiva-
lent n-MOS

Gate-to-source voltage applied to the equiva-
lent n-MOS

Source-to-bulk voltage applied to the equiva-
lent n-MOS

DC current through the channel flowing from
drain to source

DC current flowing from drain to the bulk due
to the weak-avalanche effect

Charge in the equivalent n-MOS attributed to
the drain node

Charge in the equivalent n-MOS attributed to
the gate node

Charge in the equivalent n-MOS attributed to
the source node

Charge in the equivalent n-MOS attributed to
the bulk node

Spectral density of the thermal-noise current of
the channel

Spectral density of the flicker-noise current of
the channel

Spectral density of the noise current induced in
the gate

Cross spectral density of the noise current in-
duced in the gate and the thermal-noise current
of the channel
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10.2.2 Parameters

Parameters of the geometrical model

These parameters correspond to the geometrical model (MN, MP) in Pstar.

No. Symbol
1

4 Alpg

5 ALoverlap
6 AWpp
7 AWnarrow
8 Tr

9 Vi

10 ST V1o
11 S'—?VTO

12 SL2;vTO
13 SL3vy,

Progr. Name

LEVEL
LER

WER

LVAR

LAP

WVAR

WOT

TR

VTOR

STVTO

SLVTO

SL2VTO

SL3VTO

Units

m

°C

Ve

Vm

Vm?

Description

Must be 903

Effective channel length of the reference
transistor

Effective channel width of the reference
transistor

Difference between the actual and the pro-
grammed poly-silicon gate length

Effective channel length reduction per side
due to the lateral diffusion of the
source/drain dopant ions

Difference between the actual and the pro-
grammed field-oxide opening

Effective reduction of the channel width
per side due to the lateral diffusion of the
channel-stop dopant ions

Temperature at which the parameters for
the reference transistor have been deter-
mined

Threshold voltage at zero back-bias for the
reference transistor at the reference tem-
perature

Coefficient of the temperature dependence
V1o
Coefficient of the length dependence of
V1o

Second coefficient of the length depen-
dence of Vqq

Third coefficient of the length dependence
of VTO
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No. Symbol
14 Swiv,,
15  Kpr

16 SLik,
17 SLz;K0
18 Swik,
19 Kg

20 SL;K

21 SLak
22 Swk
23 (pBR

24 VxR
25 S'—?Vssx
26 SW;VSBX
27 By

29 Lp1

30 f&1

Progr. Name

SWVTO

KOR

SLKO

SL2KO

SWKO

KR

SLK

SL2K

SWK

PHIBR

VSBXR

SLVSBX

SWVSBX

BETSQ

ETABET

LP1
FBET1

Units
Vm

Vl/2m2

V1/2m2

\/1/2m

Vm

Vm

AV2

Description
Coefficient of the width dependence of
V1o

Low-backbias body factor for the refer-
ence transistor

Coefficient of the length dependence of K

Second coefficient of the length depen-
dence of K

Coefficient of the width dependence of K

High-backbias body factor for the refer-
ence transistor

Coefficient of the length dependence of K
Second coefficient of the length depen-
dence of K

Coefficient of the width dependence of K

Surface potential at strong inversion for
the reference transistor at the reference
temperature

Transition voltage for the dual-k-factor
model for the reference transistor

Coefficient of the length dependence of
Vspx

Coefficient of the width dependence Vggy

Gain factor for an infinite square transistor
at the reference temperature

Exponent of the temperature dependence
of the gain factor

Characteristic length of first profile

Relative mobility decrease due to first pro-
file
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No.

31
32

33

34

35

36

37

38
39

40

41

42

43

44

Symbol

ST;el,R

SL;Gl,R

ST,L;e1

1

SW 161

Wpog

ST;Elz,R

SL;GZ,R

ST,L;e2

Progr. Name

LP2

FBET?2

THEI1R

STTHEIR

SLTHELR

STLTHE1

GTHE1

SWTHE1
WDOG

FTHE1

THE2R

STTHEZR

SLTHEZR

STLTHE2

Units

m

V-l/2K-1

V-l/2m

V-1/2mK-l

Description

Characteristic length of second profile

Relative mobility decrease due to second
profile

Coefficient of the mobility reduction due
to the gate-induced field for the reference
transistor at the reference temperature

Coefficient of the temperature dependence
of 6, for the reference transistor

Coefficient of the length dependence of 6,
at the reference temperature

Coefficient of the temperature dependence
of the length dependence of 6;

Parameter that selects either the old
(gel = 0) or the new (gel = 1) scaling

rule of 6,

Coefficient of the width dependence of 6,

Characteristic drawn gate width, below
which dogboning appears

Coefficient describing the geometry de-
pendence of 8; for W < Wpgg

Coefficient of the mobility reduction due
to the back-hias for the reference transistor
at the reference temperature

Coefficient of the temperature dependence
of 6, for the reference transistor

Coefficient of the length dependence of 6,
at the reference temperature

Coefficent of the temperature dependence
of the length dependence of 6,
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No. Symbol
45 Swg,
46  O3g
47 STi,R
48 S'—?93,R
49 St L:0;
50 SW?93
o1  yiR

52 Siy,
53 SW;Yl
94 Npsr
55 GR

56 Nq

57 Sta
58 Swa

Progr. Name

SWTHE2

THE3R

STTHES3R

SLTHE3R

STLTHE3

SWTHE3
GAMI1R

SLGAM1

SWGAM1
ETADSR

ALPR

ETAALP

SLALP

SWALP
VPR

Units
v-12m

V-l

vkl

vimk1

Vim

V(l—ﬂDs)

V(l—ﬂos)

(1—nDs)m

Description

Coefficient of the width dependence of 6,

Coefficient of the mobility reduction due
to the lateral field for the reference transis-
tor at the reference temperature

Coefficient of the temperature dependence
of B3 for the reference temperature

Coefficient of the length dependence of 65
at the reference temperature

Coefficient of the temperature dependence
of the length dependence of 65

Coefficient of the width dependence of 63

Coefficient for the drain induced threshold
shift for large gate drive for the reference
transistor

Coefficient of the length dependence of y;

Coefficient of the width dependence of y;

Exponent of the Vg dependence of y; for
the reference transistor

Factor of the channel-length modulation
for the reference transistor

Exponent of the length dependence of a

Coefficient of the length dependence of a

Coefficient of the width dependence of a

Characteristic voltage of the channel-
length modulation for the reference tran-
sistor
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No.

60

61

62

63

64

65

66
67

68

69

70
71

72

73

74

Symbol

Yoor

S L:Yoo

SL2;y00

MoR

ST;m0

SL;m0

NmRrR
(1R

Nz
SL;Cl

VsgTR
SL?VSBT

a1R

ST yay

Progr. Name

GAMOOR

SLGAMOO

SL2GAMOO

ETAGAMR

MOR

STMO

SLMO
ETAMR

ZETIR

ETAZET

SLZET1
VSBTR

SLVSBT

AlR

STAl

Units

m

n
m 4

Vm

Description

Coefficient of the drain induced threshold
shift at zero gate drive for the reference
transistor

Coefficient of the length dependence of
Yoo

Second coefficient of the length depen-
dence of yyg

Exponent of the back-bias dependence of
Yo for the reference transistor

Factor of the subthreshold slope for the
reference transistor at the reference tem-
perature

Coefficient of the temperature dependence
of mg

Coefficient of the length dependence of m,

Exponent of the back-bias dependence of
m for the reference transistor

Weak-inversion correction factor for the
reference transistor

Exponent of the length dependence of {;

Coefficient of the length dependence of {4

Limiting voltage of the Vgg dependence of
m and y; for the reference transistor

Coefficient of the length dependence of
Vsgr

Factor of the weak-avalanche current for
the reference transistor at the reference
temperature

Coefficient of the temperature dependence
of a;
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No.

75

76

7l

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Symbol
SL;a1
SW;al

aoR

SL;a2
SW;a2

asRr

SL;a3

NEAR
Negr

NEcr

Progr. Name

SLA1

SWA1

AZR

SLA2

SWA?2

A3R

SLA3

SWA3

TOX

COL

NTR

NFMOD

NFR

NFAR

NFBR

NFCR

Units

m

m

\Y

Vm

Vm

Fm-®

Description

Coefficient of the length dependence of a;
Coefficient of the width dependence of a;
Exponent of the weak-avalanche current

for the reference transistor
Coefficient of the length dependence of a,

Coefficient of the width dependence of a,

Factor of the drain-source voltage above
which weak-avalanche occurs, for the ref-
erence transistor

Coefficient of the length dependence of ag
Coefficient of the width dependence of a3

Thickness of the gate-oxide layer.
toy 1S used for calculation of 1/f noise and

Cox, Not for 3 1!

Gate overlap capacitance per unit channel
width

Coefficient of the thermal noise for the ref-
erence transistor

Switch that selects either old or new flicker
noise model

Flicker noise coefficient of the reference
transistor (for NFMOD = 0)

First coefficient of the flicker noise of the
reference transistor (for NFMOD = 1)

Second coefficient of the flicker noise of
the reference transistor (for NFMOD = 1)

Third coefficient of the flicker noise of the
reference transistor (for NFMOD = 1)

Drawn channel length in the lay-out of the
actual transistor
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No. Symbol Progr. Name Units Description

92 W w m Drawn channel width in the lay-out of the
actual transistor

93 ATp DTA °C Temperature offset of the device with re-
spectto Tp

94  NpuLr  MULT - Number of devices in parallel

Remark: The parameters L, W, and DTA are used to calculate the electrical parame-
ters of the actual transistor, as specified in the section on parameter preprocessing.
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Parameters of the electrical model

These parameter correspond to the electrical model in Pstar (MNE, MPE).

No. Symbol
1

2 Vo
3 K,

4 K

S (2]

6  Vgpx
7 B

8 01

9 6
10 63
11 v
12 npg
13 «

Progr. Name Units

LEVEL
VTO

KO

K

PHIB

VSBX

BET

THE1

THEZ2

THE3

GAM1

ETADS

ALP

V(l—r]Ds)

Description

Must be 903

Threshold voltage at zero back-bias for the ac-
tual transistor at the actual temperature

Low-backbias body factor for the actual tran-
sistor

High-backbias body factor for the actual tran-
sistor

Surface potential at strong inversion for the
actual transistor at the actual temperature

Transition voltage for the dual-k-factor model
for the actual transistor

Gain factor for the actual transistor at the ac-
tual temperature

Coefficient of the mobility reduction due to
the gate-induced field for the actual transistor
at the actual temperature

Coefficient of the mobility reduction due to
the back-bias for the actual transistor at the ac-
tual temperature

Coefficient of the mobility reduction due to
the lateral field for the actual transistor at the
actual temperature

Coefficient for the drain induced threshold
shift for large gate drive for the actual transis-
tor

Exponent of the Vg dependence of y; for the
actual transistor

Factor of the channel-length modulation for
the actual transistor
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No.

14

15

16

17

18

19
20

21

22

23

24

25

26

27

28

29

Symbol

Nm

(1

VspT

Cepo

Ceso

NFMOD

Progr. Name

VP

GAMO0

ETAGAM

MO

ETAM

PHIT
ZET1

VSBT

Al

A2

A3

COX

CGDO

CGSO

NT

NFMOD

Units
V

Description

Characteristic voltage of the channel-length
modulation for the actual transistor

Coefficient of the drain induced threshold
shift at zero gate drive for the actual transistor

Exponent of the back-bias dependence of v
for the actual transistor

Factor of the subthreshold slope for the actual
transistor at the actual temperature

Exponent of the back-bias dependence m for
the actual transistor

Thermal voltage at the actual temperature

Weak-inversion correction factor for the actu-
al transistor

Limiting voltage of Vgg dependence of m and
Yo for the actual transistor

Factor of the weak-avalanche current for the
actual transistor

Exponent of the weak-avalanche current for
the actual transistor

Factor of the drain-source voltage above
which weak-avalanche occurs for the actual
transistor

Gate-to-channel capacitance for the actual
transistor

Gate-drain overlap capacitance for the actual
transistor

Gate-source overlap capacitance for the actual
transistor

Coefficient of the thermal noise for the actual
transistor

Switch that selects either old or new flicker
noise model
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No.

30

31

32

33

34
35

Symbol

Progr. Name Units

NF

NFA

NFB

NFC

TOX
MULT

Description

Flicker noise coefficient of the actual transis-
tor (for NFMOD = 0)

First coefficient of the flicker noise of the
actual transistor (for NFMOD = 1)

Second coefficient of the flicker noise of the
actual transistor (for NFMOD = 1)

Third coefficient of the flicker noise of the
actual transistor (for NFMOD = 1)

Thickness of the gate-oxide layer [

Number of devices operating in parallel

ty 1S used for calculation of 1/f noise, not for (3 !!!
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10.2.3 Model constants

The following is a list of constants hardcoded in Pstar.

No. Constant Units Description

1 To K Offset for conversion from Celsius to Kelvin temperature scale
(273.15)

2k JK1  Boltzmann constant (1.3806226 (102

3 q C Elementary unit charge (1.6021918 (10"

4 &gy Fml  Absolute permittivity of the oxide layer (3.453143800 C10™™)
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10.3 Pstar specific items

10.3.1 Syntax

n-channel geometrical model : MN_n (D, G, S, B) <parameters>
p-channel geometrical model : MP_n (D, G, S, B) <parameters>
n-channel electrical model : MNE_n(D,G,S§S, B) <parameters>
p-channel electrical model : MPE_n(D,G,S,B) <parameters>
n . occurrence indicator

<parameters> : list of model parameters

D, G, S and B are drain, gate, source and bulk terminals respectively.

400



December 2000

The MOS model, level 903

10.3.2 Pstar specific values

The default values and clipping values as used by Pstar for the parameters of the
geometrical MOS model, level 903 (n-channel) are listed below.

No.

1

10
11

12
13

14
15
16
17
18
19
20
21

Parameter
LEVEL

LER
WER
LVAR
LAP
WVAR

WOT
TR
VTOR

STVTO
SLVTO

SL2VTO
SL3VTO

SWVTO
KOR
SLKO
SL2KO
SWKO
KR

SLK
SL2K

Units

m

V1/2m2

V1/2m2

Default
903

1.10 x10°

20.00 x10°®
-0.220 x10°®
0.100 x10
-0.025 x10°®

0.000 x1076
21.00
0.730

-1.20 x10°3
-0.135 x107°

0.0
0.0

0.130 x10
0.650
-0.130 x10°
0.0

0.002 x107
0.110
-0.280 x10°®
0.0

Clip low

1.0 x10°10
1.0 x10710

Clip high
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No. Parameter Units Default Clip low Clip high
22 SWK v12m 0.275 x10°° - ;
23 PHIBR v 0.650 - -
24 VSBXR v 0.660 - -
25  SLVSBX Vm 0.000 x10°® - -
26 SWVSBX Vm -0.675 x10°® - -
27  BETSQ AV-2 83.00 x10°® - -
28  ETABET - 1.600 - -
29 LP1 m 1.0 x10° 1.0 1010 -
30 FBET1 - 0.0 - ]
31 LP2 m 1.0 x10°8 1.0 x10°10
32 FBET2 - 0.0 - ]
33  THEIR vt 0.190 - -
34 STTHEIR vkt 0.000 x1073 - -
35 SLTHEIR Vim 0.140 x10°® - .
36 STLTHE1 Vimk?!  0.000x103 - -
37 GTHE1 - 0.0 0.0 1.0
38  SWTHE1 Vim -0.058 x10°® - -
39  WDOG m 0.0 0.0 -
40  FTHE1 - 0.0 - ]
41  THEZ2R V12 0.012 - -
42 STTHE2R v12k1 0.000 x10 - -
43 SLTHEZ2R v12m -0.033 x10° - -
44  STLTHE2 VvV 12mK-Y2 0,000 x10°° - -
45  SWTHE2 v12m 0.030 x10°® - -
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No.

46
47
48
49
50

51

52

53
54
55
56

57

58
59
60

61
62
63
64

65
66
67

68
69

Parameter
THE3R
STTHE3R
SLTHE3R
STLTHES
SWTHES

GAM1R

SLGAM1

SWGAM1
ETADSR
ALPR
ETAALP

SLALP

SWALP
VPR
GAMOOR

SLGAMOO
SL2GAMOO
ETAGAMR
MOR

STMO
SLMO
ETAMR

ZETIR
ETAZET

Units
V-l
vikl
Vim
Vimk?t
Vim
WESLIS

V(l—ﬂDs) m

V(l—r]Ds) m

Na

Default
0.145
-0.660 x1073
0.185 x10°8
-0.620 x107°
0.020 x107

0.145
0.160 x106

-0.010 x10°°
0.600
0.003
0.150

-5.65 x10°3

1.67 x107°
0.340
0.018

20.00 x1071°
0.0

2.0

0.500

0.000 x10*0

0.280 x1073
2.0

0.420
0.170

Clip low

Clip high
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No. Parameter Units Default Clip low Clip high
70 SLZET1 m'" -0.390 - -
71  VSBTR \Y; 2.10 - ]
72 SLVSBT Vm -4.40 x10 - -
73 AIR - 6.00 - ]
74 STAL K1 0.000 x10*0 - .
75  SLA1 m 1.30 x10°® - -
76 SWA1 m 3.00 x10°6 - -
77 AR V 38.0 - ]
78  SLA2 Vm 1.00 x10° - ;
79  SWA2 Vm 2.00 x107 - -
80 A3R - 0.650 - -
81  SLA3 m -0.550 x10°® - -
82 SWA3 m 0.000 x107 - .
83  TOX m 25.0 x107 - -
84 COL Fm? 0.320 x107° - -
85 NTR J 0.244 x10719 - -
86 NFMOD - 0 - ]
87 NFR V2 - - ]
88  NFAR Vim4 7.15 x1022 10712 -
89 NFBR Vim2 2.16 x10/ - ;
90  NFCR vt 0 - ]
91 L m 1.50 x107 - ;
2 W m 20.0 x10°° - ;
93 DTA °C 0.0 - ]
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No. Parameter Units Default Clip low Clip high
94  MULT - 1.0 0.0 -
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406

The default values and clipping values as used by Pstar for the parameters of the
geometrical MOS model, level 903 (p-channel) are listed below.

No.

1

10

11
12
13

14
15
16
17
18
19
20
21
22

Parameter
LEVEL

LER
WER
LVAR
LAP
WVAR

WOT
TR
VTOR

STVTO

SLVTO
SL2VTO
SL3VTO

SWVTO
KOR
SLKO
SL2KO
SWKO
KR

SLK
SL2K
SWK

Units

m

Default
903

1.25 x10°

20.00 x10°®
-0.460 x107
0.025 x107
-0.130 x10°®

0.000 x1076
21.0
1.100

-1.7 103

0.035 x107°
0.0
0.0

0.050 x107
0.470
-0.200 x10°®
0.0

0.115 x10©
0.470
-0.200 x10°
0.0

0.115 x10

Clip low

1.0 x10710
1.0 x10710

Clip high
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No.

23
24
25
26

27
28

29
30

31
32

33
34
35

36
37

38
39
40

41
42
43
44
45
46
47

Parameter
PHIBR
VSBXR
SLVSBX
SWVSBX

BETSQ
ETABET

LP1
FBET1

LP2
FBET2

THEI1R
STTHEIR
SLTHE1R

STLTHE1
GTHE1

SWTHE1
WDOG
FTHE1

THEZ2R
STTHEZR
SLTHEZR
STLTHEZ2
SWTHEZ2
THES3R
STTHE3R

Units

Vm
Vm

AV

Default
0.650
0.0

0.0

0.0

26.1 x10°°
1.6

1.0 x10°®
0.0

1.0 x10°8
0.0

0.190
0.000 x1073
0.70 x10°©

0.000 x1073
0.0

-0.080 x1076
0.0
0.0

0.165

0.000 x107°
-0.075 x10°®
0.000 x1073
0.020 x10°®
0.027

0.000 x107°

Clip low

1.0 x10710

1.0 x10°10

0.0

0.0

Clip high
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No. Parameter Units Default Clip low Clip high
48  SLTHE3R Vim 0.027 x10® - -
49  STLTHE3 Vimk?t 0.000 x10°% - -
50 SWTHE3 Vim 0.011x106 - -
51 GAMIR v 0.077 i i
52 SLGAML v 0105 x106 - i
53 SWGAML v m 9011 %10 - i
54  ETADSR - 0.600 x10*0 - -
55  ALPR - 0.044 - ]
56  ETAALP - 0.170 - -
57  SLALP m'e 9.00 x1073 - -
58  SWALP m 0.180 x10° - -
59 VPR v 0.235 - -
60 GAMOOR - 0.007 ; ]
61 SLGAMOO m? 11.0 x10® - -
62  SL2GAMOO - 0.0 - ]
63 ETAGAMR - 1.0 - ]
64 MOR - 0.375 - ]
65 STMO K 0.000 x10*0 - -
66  SLMO m1/2 0.047 x103 - ]
67 ETAMR - 1.0 ; ]
68  ZETIR - 1.30 - ]
69 ETAZET - 0.03 - ;
70  SLZET1 m' -2.80 - -
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No.

71

72
73

74
75

76
77

78

79
80

81
82
83
84

85
86

87
88
89
90
91

92
93
94

Parameter
VSBTR

SLVSBT
AlR

STAl
SLAL

SWA1L
A2ZR

SLA2

SWA2
A3R

SLA3
SWA3
TOX
COL

NTR
NFMOD

NFR
NFAR
NFBR
NFCR
L

w
DTA
MULT

Units

3

Vm

Vm

Default
100.0

0.00 x10°®
10.0

0.000 x10™0
-15.0 x10°°

30.0 x10°®
59.0

-8.00 x107

15.0 x10°°
0.520

-0.450 x10°®
-0.140 x10°®
25.0 x107°

0.320 x107°

0.211 x1071°
0

1.53 x10%2
4.06 x10°
2.92 x10710
1.50 x107

20.0 x10°©
0.0
1.0

Clip low

0.0

Clip high
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410

The default values and clipping values as used by Pstar for the parameters of the
electrical MOS model, level 903 (n-channel) are listed below.

No.

1

10

11
12
13
14
15
16
17
18
19
20
21

Parameter
LEVEL

VTO
KO

K
PHIB
VSBX
BET
THE1
THE2
THE3

GAM1
ETADS
ALP

VP
GAMO0
ETAGAM
MO
ETAM
PHIT
ZET1
VSBT

Units

Default
903

7.099154 x101
6.478116 x10™1
4.280174 x1070%
6.225999 x101
6.599578 x10°1
1.418789 x10°%°
1.923533 x101
1.144632 x10™?
1.381597 x10°1

1.476930 x10°1
6.000000 x101
2.878165 x10™%°
3.338182 x1070%
1.861785 x10™?
2.000000 x10%%0
5.024606 x1070*
2.000000 x10%%0
2.662680 x10™?
4.074464 x1070%
2.025926 x107%0

Clip low

1.0 x10%2
See note 2
1.0 x10°%2
1.0 x10%2
0.0
0.0
0.0

0.0

0.0
1.0 x10712
0.0

1.0 x10712

0.0

1.0 x10712
0.0

Clip high
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No. Parameter Units Default Clip low Clip high
22 Al - 6.022073 x10"%° 0.0 -

23 A2 V 3.801696 x10%%1 1.0 x10%2

24 A3 - 6.407407 10 0.0 -
25  COX F 2.979787 x101* 0.0 -
26  CGDO F 6.392000 x10*® 0.0 -
27 CGSO F 6.392000 x10*® 0.0 -
28 NT J 2.563182 x102° 0.0 -
29  NFMOD - 0 - -
30 NF V? - - -
31  NFA Vim* 7.15x10%2 10712 -
32 NFB vim? 216 x10 -
33 NFC vt 0 - -
34  TOX m 25 x107° - -
35  MULT - 1.0 0.0 -

a. The lower bound for K = K,

Eﬁ/hypl(_vssx,sz)

NVsex * @
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The default values and clipping values as used by Pstar for the parameters of the
electrical MOS model, level 903 (p-channel) are listed below.

No.

10

11
12
13
14
15
16
17
18
19
20
21

Parameter
LEVEL

VTO
KO

K
PHIB
VSBX
BET
THE1
THE2
THE3

GAM1
ETADS
ALP

VP
GAMO0
ETAGAM
MO
ETAM
PHIT
ZET1
VSBT

Units

Default
903

1.082125x10*00
4.280174 x1070%
4.280174 x10°%
6.225999 x10701
1.000000 x107%2
4.841498 x10704
2.046809 x1001
1.492490 x101
3.267633 x10°0?

9.905701 x1070%
6.000000 x1001
4.766925 x10°%?
1.861200 x10™1
1.118334 x10?
1.000000 x10%%
3.801987 x1070%
1.000000 x10%%
2.662680 x100?
1.270446 x10%%
1.000000 x10%02

Clip low

1.0 10712
See note 2
1.0 x10712
1.0 10712
0.0
0.0
0.0

0.0

0.0
1.0 x10712
0.0

1.0 x10712

0.0

1.0 x10712
0.0

Clip high
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No. Parameter Units Default Clip low Clip high
22 Al - 6.858299 x10*%° 0.0 -

23 A2 V 5.732410 x10%1 1.0 x107?

24 A3 - 4.254087 x10% 0.0 -
25  COX F 2.717113 x10** 0.0 -
26  CGDO F 6.358400 x10® 0.0 -
27 CGSO F 6.358400 x10'® 0.0 -
28 NT J 2.216522 x102° 0.0 -
29  NFMOD - 0 - -
30 NF V2 - - -
31 NFA Vim4 1.53x10% 10712 -
32 NFB Vim?2 4.06 x10° -
33 NFC vt 2.92 x10710 -
34  TOX m 25 x107° - -
35  MULT - 1.0 0.0 -

a. The lower bound for K = K,

Eﬁ/hypl(_vssx,sz)

NVsex * @
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10.3.3 The ON/OFF condition

The solution for a circuit involves a process of successive calculations. The calcula-
tions are started from a set of ‘initial guesses’ for the electrical quantities of the non-
linear elements. A simplified DCAPPROX mechanism for devices using ON/OFF
keywords is mentioned in [9]. By default the devices start in the default state.

n-channel p-channel
Default | ON | OFF Default | ON | OFF
Vps 2.5 25| 5.0 Vps 25 | -25(-5.0
Vs 2.5 25| 0.0 Vs -2.5 -25] 0.0
Vg 0.0 0.0| 0.0 Vsg 0.0 0.0 0.0

10.3.4 Numerical adaptation

To implement the model in a circuit simulator, care must be taken of the numerical
stability of the simulation program. A small non-physical conductance, G, is con-

nected between the nodes D and S. The value of the conductance is 1071° [1/Q].

10.3.5 DC operating point

414

The DC operating point output facility gives information on the state of a device at
its operation point. Besides terminal currents and voltages, the magnitudes of linear-
ized internal elements are given. In some cases meaningful quantities can be derived
which are then also given (e.g. F,4). The objective of the DCOP-facility is twofold:

e Calculate small-signal equivalent circuit element values.

* Open a window on the internal bias conditions of the device and its basic capa-
bilities (e.g. Fyg).

Below the printed items are described. Cyy) indicates the derivate of the charge Q at
terminal x to the voltage at terminal y, when all other terminals remain constant.

Quantity Equation Description
Level 903 Model level
lgs Drain current, excluding substrate current

lavi Substrate current
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Quantity Equation Description
Vs Drain-Source voltage
Vs Gate-Source voltage
Vgp Source-Bulk voltage
V1o Threshold voltage after geometric and T-scaling
V1s V11 V1o including backbias effects
Vet VeT2 Effective gate drive including backbias and drain
effects
Viss 1Vpssi | Saturation voltage at actual bias
Vat IVasl - Vyss Saturation limit
Om dlgs/dVgs transconductance (assumed Vys>0)
Omb dlgs/dVps bulk transconductance (assumed V44>0)
Jds dlgs/dVys output conductance
Ca(d) +CDDS +dQq/dVy
Cd(g) -CDGS -dQg/dVy
Cy(s) +CDDS+CDGS-CDSB -dQg/dVs
Cd(n) +CDSB -dQg/dVy,
Cy(d) -CGDS -dQy/dVy
Cy(a) +CGGS +dQgy/dV
Cq(s) +CGDS+CGGS-CGSB -dQg/dV
Cy(v) +CGSB -dQg/dVy,
Cs(a) -CSDS -dQ4/dVy
Cs(g) -CSGS -dQg/dV
Cs(s) -CSDS-CSGS+CSSB +dQ4/dV
Cs(n) +CSSB -dQy/dV,
Chid) -CBDS -dQy/dV
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Quantity
Chig)
Chrs)
Chv)
CepoL
CasoL
Wets

I-eff

u

Rout

Vm early

Keff

Betr

Fug
SQRT(Ssw)

SQRT(Sx)

I:knee

Equation

-CBGS
+CBDS+CBGS-CBSB
-CBSB

CoL*We

CoL*We

Om/9ds

1/94s

14l /94s
(V11-Voo)

Nee+205- 205

2|1y
2
S E

9Im/(20 Cip)
S8t/ 9
/S+(1kHz)/g,,

1Hz (5 (1Hz)/Sy,

Description

-dQp/dVy

-dQp/dV,

+dQy/dV},
Drain overlap capacitance of the actual transistor
Gate overlap capacitance of the actual transistor
Effective channel width for geometrical models
Effective channel length for geometrical models
Transistor gain
Small signal output resistance

Equivalent Early voltage

Describes body effect at actual bias

Effective 3 at actual bias in the simple MOS model
Unity gain frequency at actual bias

input-referred RMS white noise voltage
input-referred RMS 1/f noise voltage at 1 kHz

Cross-over frequency above which white noise is
dominant
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Remarks:

*  When V<0, g, and g, are calculated with drain and source terminals inter-
changed (see section on Channel Type Declarations). The terminal voltages and Ipg
keep their sign.

* The signs of VTO and VTS follow the conventions of the model parameter set.
The parameter set is always assumed to correspond to an n-channel device.

* The simple model mentioned above states that

2
%3eff VgrVgs— Vs 2] Vs S Viss
ly = O ,
H3eff Vgr/2 Vis > Vss

* The calculation of F; assumes that the total load capacitance on the drain is
identical to C,y so that the actual load in the circuit is not taken into account! Intrin-
sically Fq is related to the transit time

2
_ 3 Leff
T AegVor

where p; = B/ C,,. However as this transit time has no practical meaning, the
rough estimation of the unity gain frequency is preferred.

* The input referred noise power densities Sg, and S are only defined when g,,>0.

e W and L are not available for the electrical MOS models.

* MULT is a scaling parameter that multiplies all currents and charges by the value
of MULT. This is equivalent to putting MULT (a number) MOS transistors in paral-
lel. And as a consequence MULT effects the operating point output.

A non-existent conductance, G, IS connected between the nodes D and S. This
conductance G, does not influence the DC-operating point.

« G = Cg(g) + Cgsol + ngol

417



The MOS model, level 903 December 2000

10.4 Physics

10.4.1 Comments and Physical Background

Current Model

A key parameter in any MOST model is the threshold voltage. Basically this voltage
results from a balance between the gate and the substrate charge. The expression
(10.5) used in this model has been obtained via calculation of the depletion charge in
a substrate with a threshold adjustment implant. In this calculation the Gaussian-
type doping profile has been replaced by a box-type profile. Since the depletion
charge is determined by the integral substrate doping rather than by the actual pro-
file, such a simplification is allowed in practice [17]. The parameter Vggx is the back-

bias value, at which the implanted layer becomes fully depleted. In addition the
above result has the advantage that the parameters K, and K can be easily deter-

mined from the slope of the V1 versus Vgg plot. Figure 44 gives a typical result for an
implanted p-type substrate.

2 A
B
V7Vl
1
0
0 2

1
Mg+ @ - [@51VY7

Figure 44: Threshold voltage V1 vs. back bias voltage for two different processes

Furthermore relation (10.5) even holds for a situation, where the substrate doping
increases at larger depth. This might occur for a p-channel device in a retrograde
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well. However usually the threshold voltage of a p-channel is controlled by a single
body coefficient. In this case K = Ky and AV = Kq L{ Ug - Ugp), and Eqg. (10.5) has to be

used.

The easiest way to implement the single body coefficient in the model is by making
K = Kg and giving Vggx a high value (e.g. 100).

In small devices the above threshold voltage usually is changed due to two effects.
In short-channel devices depletion from the source and drain junctions causes less
gate charge to be required to turn on the transistors. On the other hand in narrow-
channel devices the extension of the depletion layer under the isolation causes more
gate charge to be required to form a channel. Usually these effects can be modeled
by geometrical preprocessing rules:

V1o = Vior * (Tkp— Tkr) BBty

1 1 U1 1O al! 1 0
Voq = Vro+ 0= B, +0=-—05 ., +d—-—Ur.
TO T0 [, Lggd bVr ELE LER%ESL,VTO = W WiV

1 1 1 1

etc., which follow from physical considerations [17]. When measuring the threshold
voltage of p-channel transistors a so called roll-up of this parameter is found as the
length decreases. As for the Philips processes this effect is quite significant the pre-
processing rule has been altered. For n-channels the advantage is that so called
enhanced roll-down of the parameter V1o can now also easily be modelled. Figure

45 is a picture of V1o vs. 1/L4 for a p-channel. At large values of drain bias the

drain depletion layer further expands and may affect in case of short channels the
potential barrier between the source region and the channel area. Consequently the
subthreshold current increases with drain bias. In order to guarantee a smooth tran-
sition between the latter operation mode and the strong inversion mode, the above
effect is interpreted as an apparent change of the threshold voltage or as an increase
of the effective gate drive. This drain bias voltage dependence is expressed in detail,
by the first part of Eq. (10.11). At higher back bias voltage the drain-induced effect
further increases according to Eq. (10.8). For a uniform substrate doping, the latter
expression follows from an approximate solution of the 2-D Poisson equation [17].
In this case n= 1. For an implanted substrate no satisfactory analytic expression has

been obtained yet. However empirically it is found that Eq. (10.8) adequately
describes measured subthreshold characteristics, the value of n, =2 is used. This is
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420

shown in fig. 46. Once an inversion layer has been formed at higher values of gate
bias, an increase of drain bias induces an additional increase if inversion charge at
the drain end of the channel (static feedback effect). This can be interpreted as
another change of effective gate drive and has been modeled by the second part of
Eq. (10.11). From first order calculations and experimental results the exponent npg

is found to have a value of 1/2. In order to guarantee a smooth transition between
subthreshold and strong-inversion mode, the model constant Vs, = /272 has been

introduced in (10.11). When Vg1 < VgTx, the subthreshold effect dominates. How-
ever, when Vg1, 2 VgTx, the latter effect soon is overtaken by the static feedback
effect. Note that y, for implanted substrates strongly increases with back bias, while
y; does not depend on Vgg. This implies that the increase of y; with Vgg cannot con-
tinue beyond some high Vgg value. Otherwise large nonmonotonic behaviour of Ipg
versus Vgg would be observed. Since the limitation of y; usually occurs outside the
practical range of Vg values, a simple purely mathematical limiting procedure has

been chosen.
0.58

057}

0.56 t

0.55¢

054}

0.53 ¢

052t

0.51 - - - - - - - - -
o 02 04 06 08 1 12 14 16 18 2
1/ Ly

Figure 45: Influence of the effective channel length on V1 for a p-channel device

In fig. 46 it is further shown that the subthreshold slope depends on the back bias
applied. This is caused by the fact that the gate control of the potential barrier
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between source and channel is affected by the value of the depletion charge [18]. For
uniformly doped substrates the slope factor m is given by Eq. (10.14), where the
exponent n,, equals 1. The latter result follows from a straight forward solution of
Poisson’s equation. For implanted substrates the situation is more complicated.
Empirically it is found that Eq. (10.14) still suffices, provided that the value of n, is

taken 2 (follows from fig. 46 as well).

A smooth transition between the subthreshold current and the current in strong
inversion is further guaranteed by the manipulation given in Egs. (10.15) and (10.16)
[19]. When Vg1, is negative (subthreshold regime) G; becomes small and a Taylor
expression of Eq. (10.16) results in an exponential dependence of the drain current
on gate bias. On the other hand, when Vg1, = kT/q, (strong inversion regime), G>>1

and Vg3 simply reduces to the linear relation Eq. (10.13).

1073
1078 }
Ips[A]
1070 |}
V0.0V V2.0V V5.0V
10712 : : 1 : : : :
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 46: Calculated and measured subthreshold chars. for n-channel transistor, at different
back bias voltages (0, 2 and 5 Volts); the calculated characteristics are presented
by fully drawn lines, the measured characteristics are presented by marks!
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Next comes the effect of the backbias on the Ipg - Vpg characteristics. When the drain

bias is increased, the depletion charge under the drain end of the channel is
increased too. Since the latter increase causes a decrease of the mobile carrier charge,
the drain current and its saturation voltage are affected too. Taking into account
velocity saturation, the saturation voltage expression Eq. (10.20) of model 7 is main-
tained. However the representation of the depletion charge effect via the &-term in
Eq. (10.19) becomes more complicated in case of implanted substrates. For further
details we refer to [17]. Note that if K = K, Eq. (10.19) reduces to the simple expres-

sion used in model 7.

Although the saturation voltage expression Eq. (10.20) from model 7 has been
adopted for physics based reasons, for analog application a slight modification is
required. If Eqg. (10.20) is substituted in the current expression and for instance, the
static feedback effect according to Eq. (10.11) is taken into account, the calculated
drain conductance agrees very well with the measured values in the linear and the
saturation region, but near Vpgg large deviations occur. This is shown in Fig. 47.

1072
gDs[S]
1073 }
1074 } * .
.. o ., 5.0
K- i e ¢ ¢ ¢ ¢ : 35
0 — . 20
107° : : : : : :
0 1 2 3 4 5 6
gVpslV]

Figure 47: Drain conductance vs. drain-source voltage
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These are caused by the fact that the underlying procedure for calculation Vpgg does
not require continuity of the second derivative of Ins. Since no satisfactory physical

arguments can be given to provide this continuity and mathematical arguments lead
to too low values of Vpgg, continuity of the second derative of Ipg has been enforced

by introducing Egs. (10.24) and (10.23). In fact these equations cause a round off of
the sudden transition of Vpgs, Which is controlled by the model constant A;. A value

A3 = 0.3 has been chosen to compromise between inaccuracies in drain conductance
and the current value at small values of Vg. Fig. 48 gives the model variable Vg
as a function of Vpg. One of the major shortcomings of model 7 for analog applica-
tions is the neglect of channel length reduction at increased values of Vpg. This

causes the drain conductance calculated according to the static feed back mechanism
to depend incorrectly on Vg for long n-channel and p-channel devices.

3

Vgr = 4V
Vgr = 3V
VD51[V]2- Yor =2V
1 Vgr = 1V
% i VIV 7 5

Figure 48: Model variable Vpg; as a function of the drain-source voltage Vpg

From the many published formulations for channel length shortening, which all lack
a strict physics base, Eg. (10.26), which is a modification of one proposal [17], has
been found to give the best results in practice. This is shown for the drain conduct-
ance of p-channel devices in fig. 49. Although the present formulations give satisfac-
tory results for all practical situations, the measured drain conductance of short-
channel n-type devices shows some anomalies, which cannot be explained by the
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present model. As shown by fig. 50, the saturated drain conductance increases at
high values of Vg, whereas the calculated values decrease with Vpg.

1073

1074}

9pslS]

107}

1078

Vips[V]

Figure 49: Drain conductance as a function of the drain-source voltage Vg for p-channel
transistors at different back bias voltages (0, 2 and 5 Volts); the calculated charac-
teristics are presented by fully drawn lines, the measured characteristics are pre-
sented by marks!

A second anomaly appearing only in short-channel n-type transistors, is the increase
of gps at larger values of Vgg. In contrast to this, the model forecasts in agreement

with experimental findings for p-channel (see fig. 49) and longer n-channel devices a
decrease of gpg with Vgp.

Since one single expression Eq. (10.27) for the current is used to cover all ranges of
bias voltages, the manipulation Eq. (10.26) is needed to obtain a correct saturation of
the subthreshold current. While the saturation voltage Vpgg increases with Vg in

strong inversion, in the subthreshold region the current saturates according to:

V
1-—expE¥6$§E
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This difference in saturation is enforced by the manipulation according to Eq.
(10.26).

Despite all the improvements discussed above, the current equation Eq. (10.27) still
has the same form as in model 7 with the exception of the mobility reduction term
8, (us-ugg). The present formulation, which is based on physical arguments [17] has

the advantage that its effect on the characteristics disappears, when Vgg approaches
zero.
1072

1073 }

gDs[S]

1074}

107

0 1 2 3 A 5 6

Figure 50: Calculated and measured drain conductance vs. drain-source for n-channel tran-
sistor at back bias voltage Vg=0 Volt; the calculated characteristics are presented
by fully drawn lines, the measured characteristics are presented by marks!

Therefore the value of 8, does not affect the value of 3 during parameter extraction.
Similar to their use in model 7, 8; and 65 originally represent mobility reduction due

the normal and lateral field. However a calculation of the effects of a source and
drain series resistance in the characteristics of short-channel devices has shown that
Eq. (10.27) can be maintained provided that a much wider significance is assigned to
the parameters 6, and 65 [17]. Generally their value is determined by:
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0, = 85+ (Rs+Rp) [B
0;=63-Rp [P

In the above relations 8,5 and 85y are the original mobility reduction parameters,
(Rs+ Rp )(B and Rp [P represent the effect of the series resistance. This result makes

it possible to take the effects of series resistance into account and leads to geometri-
cal scaling rules for 8; and 65. Recently, the effect of dogboning (the phenomenon

that the contacted area of a narrow device is broader than the channel) on the series
resistance, and thus on 6, has led to an additional term in the scaling rule for devices

that exhibit dogboning [28] and [29].

The inclusion of series resistance in the 8 parameters saves internal nodes in the
model, thus reducing CPU time during circuit simulation. In addition the form of
the model suits the usual measuring procedures. Generally (Rg + Rp) can be

obtained from the slope of a plot of 8; versus B, using a series of MOSFETs with a
fixed width and varying channel length. The intercept with the 8;-axis yields 845. An
example is given in fig. 51.

New technologies

In new CMOS technologies the dopant concentration varies along the channel due
to e.g. pocket implants. Consequently the mobility, and thus the gain factor Bsq

becomes a function of channel length. To take this effect into account the geometrical
scaling rules of the gain factor, the threshold voltage, the drain-induced barrier-low-

ering parameter Y,, and of the mobility reduction parameter 91 have been

adapted. At the same time a quadratic term in the geometrical scaling rules of the
body-effect factors has been added.



December 2000 The MOS model, level 903

0.20

0,V

0.15 }

0.10

0.05 }

0.00 - - - : : : :
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

B[10°A V7]

Figure 51: 6, vs. (3 for obtaining Rg + Rp
Charge Model

Compared to model 7 the calculations of the charges Qg and Qp, is based on a more

firm physical basis. In fact the results Egs. (10.38) and (10.39) are obtained from the
definitions:

Qs = -£[ aneof - X

L X
Qo = ~7f an(x){dx
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which have been derived along different lines of approach [19]and [20]. In the above
relations the integration with respect to x can be replaced by integrating with respect
to the potential V, making use of the current equation. This has the advantage that
the charge equations become compatible to the drain current equations. Generally
the Egs. (10.38) and (10.39) produce expressions for the major capacitances, which
agree with published measured characteristics. An example is given in fig. 52. How-
ever, compared to model 7, Qg and Qp and their derivatives do not cause numerical

problems, when the transistor switches from the forward to the inverse mode (Vpg <
Vgg). This is illustrated by the 3-D plot of fig. 53, where the drain charge (normalized
with respect to the gate oxide capacitance value) is given as a function of Vp and V.
Since the Vg = Vp line forms the boundary between the forward and the inverse
mode, actually the left-hand part of the figure shows the Qg expression. At the
boundary a smooth transition between Qg and Qp is observed. At low values of Vgp
and Vpg the MOSFET operates in the linear mode. Therefore at Vqg = Vpg = 0 Volt
the maximum value of Qp is reached. At low values of Vgg and high values of Vpg,
the transistor operates in the forward saturation mode. In this case Qp has a lower
value than for the inverse saturation mode [17]. When both Vgg and Vg are large,

the device operates in the subthreshold mode and the active charges are virtually
zero within the scale of this figure. Actually the charges considered decrease expo-
nentially towards zero owing to the Vgr3 term.



December 2000 The MOS model, level 903

0.9

Vgs = 5V Cos
08¢}

Vi = 1.0V

0.7 ¢ v = 0_5\/1/2

0.6t @, = 0.25V"

CSG
(C/Cy )WL 25

0.4}

0.3}

0.2}

01t

Vsl V]

Figure 52: Capacitances as a function of drain-source voltage

Although generally the charges behave in a compatible manner to the drain current,
one exception must be emphasized. For reasons of avoiding numerical problems, the
o-expression Eqg. (10.19) has to be changed. This is caused by the fact that Eq. (10.19)
iIs not the derivative of the threshold expression Eq. (10.7). This inequality then
causes dQp 7/ dVg and dQg / dVp to become discontinuous at Vgg = Vpg. In model 7

this fact has caused major problems. Fortunately, since Qg and Qp are hardly
dependent on the value of 9, a simple solution can be found by defining for the

charge model only:
_dvy
dVg
However this is not the only measure to be taken to guarantee continuity of the

charge derivatives at all boundaries of bias conditions. In fact the threshold expres-
sion Eg. (10.5) has the problem that its second derivative is discontinuous at Vggy.

Therefore if o is defined according to the above definition, discontinuity problems in
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the capacitance expressions have to be expected. Therefore for implementation in a
circuit simulator, the physical relations Eqg. (10.5) has been replaced by a more
smooth mathematical relation, which produces in practice deviations of the thresh-
old voltage less than 5 milli-Volts.

The bulk charge given in Eqg. (10.42) has been obtained from a solution of Poisson’s
equation applied to the depletion layer. The result has been plotted in fig. 54. Com-
pared to model 7, the present Qg is a more symmetrical function of Vgg and Vpg.

When Vgg and Vpg are low, an inversion layer exists. In this case the negative charge
of Qg increases with Vg, but does not depend on Vgg. At large values of Vpg, satu-
ration occurs and Qp hardly increases further. When a back bias Vg is applied, Qg
increases again due to the expanding depletion layer. Finally at large values of Vgg
the device operates in the subthreshold mode, where Qg no longer depends on Vgg
or Vpg, but only on the variable Vgg [17], [18].

-le-14}
-2e-14t
-3e-14
-4e-141

-5e-14}

-6e-14

-7e-14-

Figure 53: Drain charge as a function of Vp and Vg

Since some derivatives of the physical expressions Eq. (10.42) produce discontinui-
ties at some boundaries, for implementation in a circuit simulator the above equa-
tions are modified by applying several hyp-functions. For details we refer to the
specific section on this subject.
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Finally we remark that the above charge model is quasi-static. A phase-shift
between drain current and gate voltage is not taken into account. This implies that
for a few applications at high frequencies approaching the cut-off frequency, errors
in a.c. calculations have to be expected.

Figure 54: Bulk charge Qg as a function of Vg and Vp

Noise Model

Since the MOSFET channel can be considered as a non-linear resistor, the channel
current is subject to thermal noise. In these equations f represents the operation fre-
quency of the transistor. Let thermal-noise current sources be parallel connected to
each infinitesimal short element of the channel, it can be shown [17] that the noise
spectral density, which is defined by

<A} > = I:Sth(f)df,

is given by a generalized Nyquist relation:
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where g( x ) is the local specific channel conductance. Elaborating the latter integral
via a transform of the x-variable into the potential V (x), we obtain the first equation
from (10.51). In fact the latter result only applies to the strong inversion mode of
operation. In the subthreshold mode the channel is not present and current transport
occurs via emission of carriers across the source-channel potential barrier. Therefore
in this region shot noise have been observed:

Sep = 200 Upg

Making use of the generalized gate-drive definition (10.16), we can show that the
second equation from (10.51) has the same quantitative value as the shot noise
expression. In this way continuity of the noise model is assured along all possible
modes of operation. Often a noise level in excess of the Nyquist value is observed.
The reason for this is not yet clear! Therefore a parameter Nt has been introduced,

usually 4k Txp < Nt < 8k Tkp. Owing to capacitive coupling between gate and chan-

nel, the fluctuating channel current induces noise in the gate terminal at high fre-
guencies. Unfortunately the calculation of this component from first principles is too
complicated to provide a result applicable to circuit simulation. It is more practical
to derive the desired result from an equivalent circuit presentation given in fig. 55.
Owing to the mentioned capacitive coupling, a part of the channel is present as a
resistance in series with the gate input capacitance:

_ 1
R‘_stgm
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Figure 55: Noise current sources in the electrical scheme of the MOS transistor

It can be easily shown that the latter resistance produces an input noise current with
a spectral density given by Eqn. (10.59). In addition, since A iy, and A ijg have the
same physical source, both spectral densities are correlated. This is expressed by
Eqgs. (10.60) and (10.61). Usually thermal noise is not the only source of noise present.
At low frequencies flicker (or 1/f) noise A iy becomes dominant in MOSFETSs.
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A typical noise spectrum is given in fig. 56.
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Figure 56: Noise Spectrum for a MOSFET

Generally this type of noise has been interpreted in terms of trapping via surface
states or in terms of mobility fluctuation. In MOS MODEL 9, level 903, one can
choose between two flicker noise models, selectable via the switch NFMOD.

Selecting NFMOD = 0 activates the flicker noise model of MOS MODEL 9, level 902.
This model assumes the input-referred voltage noise:

2
SH/9m

to be bias independent. In practice, however, it was found that there is a bias
dependence of this input-referred voltage noise, in particular for p-channels. The
noise parameter Ngg for this model is determined for the most useful bias condition,
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namely V1 < Vgg < V1 + 1.0V and Vg above the saturation voltage. Care should be
taken with the outcome of the model at other bias conditions!

NFMOD =1 selects the new flicker noise model, which distinguishes level 903 from
level 902. The model, described in detail in [30], [31], [32] assumes trapping of
charge carriers in traps located at various depths in the gate oxide. The trapping
causes both the mobility and the carrier number to fluctuate in a correlated fashion.
Each trapping center is associated with a Lorentzian noise spectral density with a
particular knee-frequency. The distribution of trapping depths causes the individual
Lorentzians to merge into a 1/f spectrum. The model is valid in all operating regions
of the MOSFET. Some modelling results are shown in fig. 57.

107
= - Vs =33V
C\}E L
= 107%
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Figure 57: The input-referred 1/f noise at 1 Hz, mutiplied by WgLg/(WggrLgR), as a function
of gate-source voltage, for C075 p-channel MOSFETs. Different symbols corre-
spond to measurements on 11 different geometries. The solid line represents the
new 1/f noise model (NFMOD = 1).

This 1/f noise model is also found in BSIM3v3. In the subthreshold regime however,
the implementation differs slightly from the BSIM3v3 implementation: (i) the correct
expression for N” is used, and (ii) the transition between weak and strong inversion

regimes has been smoothed. The BSIM3v3 1/f noise parameters NOIA (in V'Im™),

NOIB (in V'm™) and NOIC (in VV'm) are found by multiplying the MOS MODEL 9
parameters Npar, Npgr @and Ngcg by the factor:

0.01 xWep X Lgg X Voyige
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where y,,.4, = 101 m is the attenuation coefficient of the electron wave function in

the gate oxide.

10.4.2 Basic Equations

The equations listed in the following sections, are the basic equations of MOST
model 9 without any adaptation necessary for numerical reasons. As such they form
the base for parameter extraction. The definitions of the hyp functions, which pro-

vide for a smooth clipping, are found in appendix A.

Current Equations

Us = Vsp* 0g

Ugo = /s
Nser + 6

Ps

Ugt =
U = /Vepx t

EKO |:(us - usO) ' Ug < Ugy
K?
102 J[K . — K, [
AVT():@: [KOD 0 —'sx 0 —s0
(]
] 2 K 2
gKDJS—[l—EI%ngSX, u 2 ug,
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Us » Us < Ugy
U = O (10.7)
[Mst Ug > Ugy
Y
Yo = Yoo EE#Q (10.8)
s0
Vo = Ves— V1 Ves2 Vg (10.9)
cTl : Ves<Vrg '
1
2
GTX n
VGTX GT1 VGT1
m = 1+m, EE#EPIH (10.14)
sl
V
_ 1 YGT2 []
= B el 10.1
Gl EXpEQ m HPTD (10.15)
Vgrs = 20nQp; On(1 +Gy) (10.16)
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A =03 (10.17)
A, =01 (10.18)

2
)\ o— K) LV ]
5, = = EEK ) DV sax 2D (10.19)
s U VSBX+()‘ Vg1 +Veg) U
Vers 2
V = R (10.20)
PR 1+dy, 2B WVgrg
1+ 1+
1+9,
Ay =03 (10.21)
Vpssx = 1 (10.22)
Vbss1
= A3 (10.23)
DVDssx + Vpsss
Vis1 = hyps(Vps;Vpssi:€3) (10.24)
Viae=V
G, = 1+a Eln%L + D5 DSI[] (10.25)
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Vs
Gt EE& —expH—25+ 6, G,

D(pT DD
G; =

l+G1

C1

2

+ 61
Vors Vg1 — Q_DD‘/

[

2
DS1

Ips = BEG3D{1+91 WV gry + 6y [Uug—Ugp)} (1 + 05 0V pg)

Vpsa = a3 WVpgsy

S

lavL = —a,

(I .

Charge Equations

Vb = Vps* Vg

Uy = /Vpgt @

| oo (B CeXpE—2—
DS ! B‘/DS_VDSA

0
|:|l

Vbs<Vpsa

Vs> Vpsa

(10.26)

(10.27)

(10.28)

(10.29)

(10.30)

(10.31)

(10.32)
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Viig = V1ot AVygg

_ aVTZ_aVTZ_aVTZ
2 0Vgg OVgs 0Vps

Vors 2
Vbss2 = =
1+, 1+ 1+2[93D‘/GT3
1+9,
Vo = Vs » Vs = Vpss2
DS2 =
%/DSSZ ) Vs> Vpss2

_ (1+9,) {1+6;WVps,) Vs,
’ 2WVgr3—(1+9;) WWpe,

1 1
Qp = —Cox E[é WVerat(1+0;) WWps, Ea—z [F, -

1 1
Qs = —Cox E[ﬁ Va3t (1+9;) Vg, E%l_z [F,

Vest Vg

<
@
w
1

<
n
w
I

Vo= 05— Ko /P

440

(10.33)

(10.34)

(10.35)

(10.36)

(10.37)

15} (10.38)

- 30

1DJ (10.39)

- 30

(10.40)

(10.41)



December 2000 The MOS model, level 903

E‘Cox Vg —VEs) Vg <Ves
O
0 0K, [Kj 0
O = B‘COXEKOB‘7+ T+(VGB_VFB)%' VegsVepsVgpt Vg
BS —
O
O 0K, |k? 0
0 0 0
TCox Holr 5 * )7 * Vea*Vri-Ves)d: Vs> Vs *Vry
O
E_COX HVep=Ves) Ves<Vre
O
0 0K, [Kj 0
On = E‘Cox EKOS’T*‘ T+(VGB_VFB)E’ VegsVepsVpsa tVegt Vg
BD ~

0

2
0 Ko

2
U

Qg = % HQgs + Qgp)

QG - _(Qs + QD + QB)

Noise Equations

In these equations f represents the operation frequency of the transistor.

_ aIDS
In T Ve

_ (1+9,) {1+6;WVpgy) WVWpgy
2Wgr3—(1+0)) Wpg

(10.42)

(10.43)

O
K O
O 0
TCox EKOE‘_ + A/'Zf +(Vps2 +Vsg +VT1d_VFB)E’ Veg>Vps2tVsg t Vg

(10.44)

(10.45)

(10.46)

(10.47)
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1
Vors -5 [{1+90;) Wps

h, = BLG (10.48)
s = P N T, Vg7, 7 6, (U, ~ U] L+ 6; DV pgy)
hy = 1+0;WVpg + % EF,2 (10.49)
\Y
h = DSs1 (10.50)
2 Lip;
(Nt ths thy hy <hs
Sih = [ (10.51)
2
if NFMOD =0then  S; = Np @ (10.52)
if NFMOD = 1 then egn.: 10.53, 10.54, 10.55, 10.56, 10.57 and 10.58
8OX
Alox
_ EOX
Alox
8OX
N" = — QOp; L(my + 1) (10.55)
Qlox
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2

]
Swi = NEa D—([:TD\',[,)ZS (10.56)
2 2
S . = @r B8 Hps BB oy (10.57)
si > :
flEc {1+0; DVgry + 6, Lug—Ugp)}
N+ N” 1 2 .2
E':NFADnm+NFB [(NO‘NL)+§ENFC [INg—Np)
2 2
, @ Uos DGZ_lEENFA+NFBD\IL+NFCD\ILD
f G 2 L
2 O (N, +N") 0
S.; [B,,:
S, = W 10.58
fl Ssi-l'swi ( )

w
|

2 -1
(2 0 [Toy) PO oxcf]
o= Ne g EEl roors (— —F5 s

Pigth = 0.4] (10.60)

Sigth = Pigth ySig DBin (10.61)
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10.5 Accuracy and Validity Range

In order to show the accuracy of the model, we discuss here the measured and calcu-
lated characteristics of a 20/1.6 n-channel and a 20/2.4 p-channel device. The first
type typically represents the behaviour of short-channel transistors, while the latter
already shows long-channel behaviour. Furthermore parallel to the usual manner of
parameter determination, we split the characteristics in four parts:

— Linear region

— Saturation region

— Drain conductance
— Subthreshold region

Linear Region

Fig. 58 and fig. 59 give the drain current of the n-channel and p-channel device as a
function of the gate-bias voltage. The drain-bias voltage is fixed at 0.10 Volts for n-
channel and at -0.10 Volts for p-channel devices. The back-bias and gate voltage

have been varied.! The deviation between the calculated characteristics (fully drawn
lines) and the measured data (dots) gives an impression of the accuracy. The average
deviation for both figures amounts 0.40% and 0.60%, respectively, while the maxi-
mum deviation amounts 1.5% and 3.0%. The latter value occurs at Vgg =-4.5 Volts

and the lowest value of Vgg. (From these results we conclude that not only the chan-
nel resistance characteristics are described very well, but in addition the V1 (Vgp)

dependence, which is found from extrapolation of the above figures.) In fact this was
already shown in fig. 44. The fact that for the p-channel the largest deviation occurs
at Vgg = -4.5 Volts, is caused by a slight increase of the body coefficient. For reasons

of simplicity however only one K-factor was taken into account.

Saturation Region

Figure 60 and fig. 61 give Ipg versus Vpg for several values of Vg (indicated). In
addition for each Vg three values of Vgg were taken (0, 2 and 5 Volts). The average
deviation amounts 3% for fig. 60 and 2% for fig. 61. In fig. 60 the largest deviations of
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Ips[MA]

6% occur at the transition between the linear and saturation region. This might be an
indication that the saturation voltage expression could be improved. In fig. 61 the
maximum error of 3% occurs in the saturation region at Vpg = -6 Volts. In fact both
maximum error figures can be lowered by giving, during parameter extraction, less
priority to the modeling of the drain conductance. Nevertheless, since the saturated
current values almost perfectly match the Vgs-dependence (in particular at

Vgg = 0 Volts), it can be concluded that the transconductance is modeled within 3%.
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Figure 58: Drain current vs. gate-bias voltage for n-channel transistor at different back-bias
voltages
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Figure 59: Drain current vs. gate-bias voltage for p-channel transistor at different back-bias

voltages
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Figure 60: Drain current vs. drain-source voltage for n-channel transistor at different back-
bias voltages
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Figure 61: Drain current vs. drain-source voltage for p-channel transistor at different back-
bias voltage
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Figure 62: Calculated and measured subthreshold characteristics for p-channel transistor at
different back-bias voltages (0 and -2 Volts); the calculated characteristics are pre-
sented by fully drawn lines, the measured characteristics are presented by marks!

Drain Conductance

The drain conductance characteristics have already been given in fig. 49 and fig. 50.
For the p-channel device the average deviation amounts to 6%, while for the n-chan-
nel device the latter has a value of 8%. The largest deviations (21% and 41%, respec-
tively) occur in the transition region between the linear and the saturation mode at a
gate voltage of 5 Volts. Very likely the latter results does not cause a problem for
practical applications. Furthermore this may not be the case for the deviations in the
n-channel device at Vg = 5 Volts with Vg close to the threshold. In fact the close

match of the gpg characteristics between Vgg = V1 and Vgg = V1 + 2 Volts indicates
that the effects of gpg on amplifier voltage gain can be satisfactorily calculated.
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Subthreshold Characteristics

For the n-channel MOST the characteristics have already been given in fig. 46. Figure
62 gives the results for the p-channel transistor. Owing to the large range of current
values involved and the fact that a small error in the small-size effects of the thresh-
old voltage causes a large error in the current value, in this case the largest devia-
tions have to be expected. The average deviation amounts to 14% for the n-channel
and 5% for the p-channel device. One should realize however that for the latter
device the small-size effects upon V+ are minor. This is also the reason that the larg-

est deviations (44%) occur in the n-type device compared to 15% for the p-type
device. Fortunately these large deviations occur at a back-bias voltage of 5 Volts in
combination with a Vg value of 3 Volts. Such a combination will almost never be
met in practice. In fact for practical applications it is important that, in particular at
low Vgg values, the calculated subthreshold current perfectly tracks the measured

gate-bias voltage dependence. Near threshold the deviations are in the order of 10%.
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10.6 Parameter scaling

10.6.1 Geometrical scaling and temperature scaling

Calculation of Transistor Geometry

Lg = L+ALpg—2 ML gyerap (10.62)

WARNING : Lg and W after calculation can not be less than 0'!

| L + ALPS |
-t L

gate
: Cross section
source M N drain
| : : |
AI—ovlerlaﬁ) Le | IAI—overlap
> T
| |
______ — ﬂ '_ _ — —_— —_ —_- — =
i i _ A Wnarrow
W + AW, ¢ source | | | drain WE  Top view
______ _Jl L_______A\Nnarrow

Figure 63: Specification of the dimensions of an MOS transistor
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Calculation of Transistor Temperature
Ta is the ambient or the circuit temperature.
Tiup = To+TA+AT, (10.65)
Calculation of Threshold-Voltage Parameters
Lp 10 0 “e U
G fo, O——l-—expr——1* 10.67
PE B, 1 LEEIH- pDLplmg ( )
Lp >0 Le 0
fg o, ==l —exp U _E L5
B, Le O [] LP,ZDD
Lp 100 Ler O
Gp ep = fp i 2l — exp L —ERH+ 10.68
P,ER B g El[l P L 15% (10.68)

Lp o0 0 Lerd
fo, ——[l—exp=——F0
.2 Ler O U LP,ZDD

[] Note

In the circuit simulator care should be taken that
-15
1+Gp 210

1+Gp gg2 107"
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~ 1 1 1 1O
VTO=VTO+EL——— (B, + 05— =00,y + (10.69)
L (1 LVro 2 2 L2V

E L“ER L LggU

01 10
_ O S e . .
(GP, e—Gp, ER) |:BL3,VT0 [WE WERDESW’VTO

1 10 U1 10
K. = Koo+ 8= _ =0 o 4 — =B, . + 10.70
0 or T [ 0"LKs EIZ LERE L2:K, (10.70)
nt __10o
LW WERDEBW;KO
1 10 U1 10
K=Ko+H=— =0  +0=— =0, .. + (10.72)
R [LE LERD L:K [LE LERD L2:K
0l __1 05
E WERD WK

-4

Stig, = 300 (10.72)

@3 = @gr* (Tkp = Tkr) Brg, (10.73)
_ ol 10 01 10

Vsex = Vspxr * T~ L_ERD[SL;VSBX O \/\/_ERDEBW;VSBX (10.74)
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Calculation of Channel-Current Parameters

~ T
B = By, e’

KD

p= L o
1+Gpe L

81 = B + (Tkp—Tkr) BBroo, R
Ste, = S, rT (Tkp—Tkr) BBy g,

Wepos = Wpog + AWgop — 2 AW 40w

WEepog £ WEr

WZWDOG:
~ [ 1 1

0, = 01+ -

' e {1+0g [Gp g) Leggr L1+0g [Gp gR)
0l __1 O
AT
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[l
DEBL;Bl +
[l

(10.75)

(10.76)

(10.77)

(10.78)

(10.79)

(10.80)
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W <Wpoe
0 = 01+ SLE E(1+gle Gpg) Leg E(1+gle Gp ER)DESLG "osl
DAE—VVLEREEBW T Wepos D‘— 1 +f91 Gp, ) e

62 = 0,k (Tkp—TkRr) [BT;ez,R (10.82)
Ste, = SLe,r T (Tkp—Tkr) BBy g, (10.83)
6, = 6+ EI'_l_E_LiEREESLieer %ﬁlE—WLEREESW;eZ (10.84)
83 = B3 + (Tkp— Tir) [57.0,R (10.85)
Ste, = Sue,rt (Tko = Tkr) BBr e, (10.86)
0, = 65+ El_i L;EESL o, %NAE - WLEREESW;G3 (10.87)
Calculation of Drain-Feedback Parameters

Y1 = Yir? EI_iE - LAEREEBLM + %NAE - WLEREEBW;yl (10.88)
Nps = Npsr (10.89)
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U1 10 01 1 0O
Na | Na 4y W Wi
E]_E LERD E ER

L
Vp = Ve (H—H (10.91)
ER

Calculation of Sub-Threshold Parameters

(1 1 O
Yoo = Yoor * 55 — 50051y, + (Gp = Gp er) [BLay,, (10.92)
e LggH
Ny = Nyr (10.93)
_ e~ .0l 1 0
Der /—LERD 0
N = Nog (10.96)
k OO
9 = qKD (10.97)
cBL LA (10.98)
C = c —_ . .
1 1R ELE“ EED LGy
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_ 1 1
Vsar = Vsptr * EL_E - |__EFEE5L;VSBT (10.99)

Calculation of Weak-Avalanche Parameters

a; = ajp+ (Typ—Tkr) BBy, (10.100)
a, = a, + %%E - L_;EESL?% + DLE _ VVLEREEB\N;% (10.101)
a, = ayp+ EI%E - LAEFEEE.L;az + %NLE - \NLER%ES\N;% (10.102)
a, = agp+ E'-_l—E - -L];EEBL;% + D_lg _ WLER%[SW;% (10.103)

WE |:LE
Cox = Eoy —/— (10.104)
0X
Cgso = W [T, (10.106)

Calculation of Noise Parameters

T
Ny = =2 [Nqq (10.107)
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£ = V\% Neg (10.108)

Nea = % (NEar (10.109)
Neg = WV\?E EER [(Nkgr (10.110)
Nec = WV\?E EER (Necr (10.111)
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10.6.2 MULT scaling

The MULT factor determines the number of equivalent parallel devices of a specified
model. The MULT factor has to be applied on the electrical parameters. Hence after
the temperature scaling and other parameter processing. Some electrical parameters
cannot be specified by the user as parameters but must always be computed from
geometrical parameters. They are called electrical quantities here.

The parameters: 3, Cox, Copo: Caso, NF, NFA, NFB and NFC are affected by the

MULT factor:
B = BxMULT
Cox = Cox X MULT

Copo = Cepo*MULT
Ng = Ne/MULT

Nea = Npa/ MULT
Neg = Npg/MULT
Nee = Npg/MULT

Convention:

No distinction is made between the symbol before and after the MULT scaling, e.qg:
the symbol (3 represents the actual parameter after the MULT processing and tem-
perature scaling. This parameter may be used to put several MOSTSs in parallel.
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10.7 Model Equations

460

Although the basic equations, given in section Basic Equations, form a complete set
of model equations, they are not yet suited for a circuit simulator. Several equations
have to be adapted in order to obtain smooth transitions of the characteristics
between adjacent regions of operation conditions and to prevent numerical prob-
lems during the iteration process for solving the network equations. In the following
section a list of numerical adaptations and elucidations is given, followed by the
extended set of model equations.

The definitions of the hyp functions are found in the appendix A,

DC current model

g, = 10 (10.112)
Ayp = 0.9 (10.113)
hy = hyp,(Vgg +Aqp LPgi€q) + (1= Ayg) Oipg (10.114)
u, = /hy (10.115)
Uso = «/aB (10.116)

Ug = /VepT + @5 (10.117)
U, = /Vepx * @5 (10.118)

g, = 0.1 (10.119)
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K 2 K [l
AVyy = K EE/\/hypAr(VSB,VSBX,EZ) +H OEF (U, - EK—OEEUSX O+ (0120

Ko d /hy—hyp,(Vsg;Vspx €2) — Uso}

Vi = Vig+ AV, (10.121)
€5 = 107 (10.122)
Uy = hyp,(UgUg;.€3) (10.123)
Yo = Yoo EE?%PV (10.124)
s0
g, =5 mo™ (10.125)
Vo1 = hyp (Vs —Vr11:€4) (10.126)
A =01 (10.127)
A, = 107 (10.128)
Very = %EL/Z (10.129)
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0 ps~1 o Vén Vés
AViq = |=Yg—¥g AVpg tAy) ~YoO— — | (10.130)
: JVerx Vet PS L
m = 1+m, [Bjiog]m (10.132)
s1
Vor2 = Ves— Vi (10.133)
A, = 37 (10.134)
Vgra = 2 0 Opp O, (10.135)
O g Verz
(BXP 5= Vv <V
G, = 20mCpLD GTz = T GTA (10.136)
E’\Io assignment is necessary, Ver22Vieta
-8
Az = 10 (10.137)
(R e Un(1+Gy) + A3, Vgra<Vgra
Vers = O, (10.138)
VoT2 T Az, V22 ViaTa
Ay =03 (10.139)
As = 01 (10.140)
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2
A, -K) LV ]
5, = — [EK ) Vsex =[] (10.141)
Us O VSBX+ ()‘ D‘/GT1+VSB) N
Ag = 0.1 (10.142)
gg = 0.001 (10.143)
Vers 2
v = O (10.144)
PR 1y 20 Va3
1+ [Ag+hypy CH - Ag + 75, e
Ag = 0.3 (10.145)
Vipssx = 1 (10.146)
Vss1
= Ng (10.147)
DVDssx +Vpss1
Vipsi = hyps(Vps:Vpssi €s) (10.148)
Vae—V
G, = 1+a Dn%[ + DS DSI[] (10.149)
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O
DS
Ll Ver, <V
Gy =10 L. c ! GT2 < VGTA (10.150)
0 G
Eﬁg : Ver22Vera
Ips = B G, (10.151)

+ 0, 2
Vors WVpsi— El—z ED‘/DSI

D{l +0; Werg 8, Hug—Ugg)} HAg +hypy {1 —Ag + 83 Vpgy:8g))

VDSA = ag D‘/D881 (10.152)
%D , Vbs=Vpsa
pe [, [BXp : Ve >V
0 DS 1 D‘/DS _ VDSAD DS DSA
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Charge model

Vpg = Vps * Vg (10.154)

hy, = hyp,(Vpg + Ao OPg:€q) + (1= Ayp) Lipg (10.155)

K K 0
AViog = K E@\/hypAVDB’VSBX 52) + D DZ [U EK(EEUSX B+ (10.156)

Ko A/hz —hyp,(VpgiVspx:€2) = Ugo}
Vg = V1o +AV1gq (10.157)

oV oV oV
5, = —=2-__T2_ _T2 (10.158)

aVGT3 aVGT3_|_6VGT3

A, = + 10.159
2 0Vgg OVgs OV ( )
Viers 2
Vipssy = T+3, O 205, Vory (10.160)
1+ [Ag+hyp, CH - Ag + 175, e
Ag = 0.1 (10.161)
\
D352 (10.162)

= )\
DVDssx + Vpss2
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Vpgo = hyp5(VDS;VDSSZ,87) (10.163)

_ (1+3;) I Ag+hyp L{1-Ag+ 65V pgyieg)} Vg,
) 2V gr3—(1+9,) Wps,

(10.164)
1 1 1 2 1
Qp = ~Coy E[é Vg + 02 IV p, T TF + 25 TF; - ﬂ (10.165)

1 1 1 2 1
QS = _COX I:':é D‘/GTB + A2 D‘/DSZ [El—z [FJ - @ EFJ - 6%:| (10.166)

gg = 0.03 (10.167)
Vg = Vas + Veg (10.168)
B‘Cox ypP3(Veg—VegiVsg t V11— VEg€e) Ve <Ves
O Ko
Coy (Ko -2+
Qps D‘ 0X 0[ > (10.170)
a,\/d(om +hyp;s(Veg—VegiVsg + V11— Veg€e) } Veg2Veg
E‘Cox thyps(Veg=VEs:Vpsa+ Vs * Vrid— VEs:€e): Vg <Ve
O Ko
FCox Kyl ——=+
Qep = L ox o[ 3 (10.172)
0 .
g; Eer hyPs(Vep—VeeiVpsa * Vsa * Vrid _VFB'EG):| , Veg2Ves
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1
Qp = 5 HQps* Qgp) (10.172)

Qg = —(Qp + Qg+ Qp) (10.173)
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Noise model

In these equations f represents the operation frequency of the transistor.

g. = (10.174)
_(1+90)) HAg+hyp; L1-Ag+03Vpgy588)} Wiy
| = (10.175)
2WVgr3—(1+9)) WWpgy
hy, = B G, (10.176)

1
Vers—35 H1+9;) Wpgy
11+0; WWgry +0; Hug—Ugo)} HAg +hypy L1 —Ag+8; Vpgyi8g)}

Ny = Ag+hyp; {1 —-Ag+0; Vpg;€g) + % EF|2 (10.177)
\

h = DSs1 (10.178)
2 Lipyr
(s Lhy, hy <hs

hg = (10.179)

3 ths, h,2hg
Sin = N [hg (10.180)
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2
if NFMOD =0then S = N @ (10.181)

if NFMOD =1 then eqn.: 10.182, 10.183, 10.184, 10.185, 10.186 and 10.187

€ox
qtox
qtox
thX
2
[l
Swi = NEa P e > (10.185)
f |:N"
o 02 1, (B [
Si T — 2 (10.186)
FLegx H1+0; Wgry+ 6, Hug—ugo)}
- N+ N” 1 2 2
Nea ”m *Neg N =Ny ) + 5 INge HNg =Ny )
2 2
¢rUps Go-1 EENFA-I_ Neg LN + Npc IN O
I 2 -
2 O (N, +N") 0
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S« B,
SH = o (10.187)
Ssi + Sy
2
S.. = N; [§ + 0.075 10.188
ig = Nt 300, H g. oo ol
Pigth = 0.4] (10.189)

gm EhG
2

Sigth = Pign (N7 [2 Ot lf [Ty [ >
3 g% +0.075 (2 O [f [Ty)°)

9,20

(10.190)

10.7.1 Numerical adaptations

470

The electrical equations of MOS model 9 to be implemented are essentially based on
the physical description in section 10.4. Because in circuit design equal parallel
circuited transistors are frequently applied the specification of one transistor
together with a multiplication factor Ny, 7 in the circuit description is convenient

and saves computation time. The general and safe method to implement this mecha-
nism into the model is to evaluate the currents, charges, noise spectral densities and
their derivatives with respect to the external voltages and, at the end, to multiply
them by Nyt In MOS model 9 it is allowed to circumvent these multiplications

for each model evaluation during circuit simulation by adjusting some parameters.

» The dependence of the threshold voltage on the back-bias voltage is described by
the Egs. (10.1) through (10.7). Because this description is valid for Vgg = 0 V, and

negative values of Vgg can occur during the iteration process of the circuit simula-
tor, Eqg. (10.1) has been replaced by the Egs. (10.112), (10.114) and (10.115). The dif-
ference between ug calculated according to Eqg. (10.115) and ug of Eq. (10.1) does not

exceed 2107 VY2 for Vgg = 0 V.
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» The threshold-voltage shift Vo of Eq. (10.5) yields satisfactory results for the

channel current. It is desirable to use the same threshold-voltage shift for the charge
equations, which causes a problem. Because all differential capacitances have to be
continuous functions of the nodal voltages, it is obvious that via Eq. (10.34) the sec-
ond derivative of A Vg with respect to Vgg has to be continuous. Unfortunately this

does not hold for Vgg = Vggx. Therefore Eq. (10.5) has been replaced by Eq. (10.120).
For Vgg = 0V the results of Eq. (10.5) and of Eq. (10.120) are equal, while the largest
deviation (< 4 mV) is obtained at Vgg = Vggx.

» The threshold-voltage shift A V14, described in Eqg. (10.11), contains two parts, the
first part dominates for Vgt1 < VgTx and the second part for Vgro>Vex. To balance
these parts for a monotonic behaviour of Ipg versus Vgg Yy should not increase
unlimited with Vgg. This clipping: Egs. (10.7) and (10.8), occurs at Vgg = VggT, Which

is far out of the practical region of operation. For mathematical reasons a smooth
clipping, Eqg. (10.123), has to be implemented instead of Eq. (10.7).

» The equation of the threshold-voltage shift A V14, Eq. (10.11), provides first and
second derivative functions with respect to Vg, which are not well-behaved func-
tions for Vpg = 0 V due to npg = 0.6. Therefore Eq. (10.11) has to be replaced by

2 2
O Verx Vo1 Nos-10 0 Vpg
O Verx*tVer: VerxtVer Ds ™ A1l

in which A; and A, are model constants. This equation can be simplified. The expres-

-1
sion between braces smoothly transists from -yo to =Yy; L{(V g + )\z)nDS which

is controlled by the two weighting functions of Vg1, which sum equals one. Using
one of these functions only, we obtain Eq. (10.130).

» The voltage Vgg controls via Vg, EQ. (10.14), and G4, Eq. (10.15), the functional
behaviour of Vg3, EQ.(10.16) and G3, Eq. (10.26). For the subthreshold region

VGT2
VGT3 =2 [ HPT EEXDEWE

and
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472

Vs
_ 2 [T DbsO
Gg~c1EEﬂ—exp O

and for large values of Vgg Vg13 = Vg2 and G3 = G,. Although the Egs. (10.16) and
(10.26) are well-behaved analytical functions of G4, they will cause numerical prob-

lems due to the limited value range of the numbers, which can be represented by the
computer. If x exceeds the allowed maximum value of the argument range of the
exp-function In{exp (x)} # x and exp (x) 0y / exp(x) #y with y>1. To prevent this a max-
imum value for the argument range A; has been specified, which is the lowest-value

of the computer implementations of the circuit simulator, Eq. (10.134). For small val-
ues of the arguments i.e. Vg1 < VgTa, EQ. (10.135), G4, Vg13 and Gz are calculated

according to Egs. (10.15), (10.16) and (10.26). But for Vg1, = Vg1a NO assignment is
done to G4, Eq. (10.136), calculated asymptotic values are assigned to Vg3 and Gj
Egs. (10.138) and (10.150).

* As V73 decreases to zero the denominator of Eq. (10.37) approaches zero. The

addition of a small constant to the denominator is not a good solution for this prob-
lem because the first derivatives of Qp and Qg will become discontinuous func-

tions. Therefore a small constant A3 has been added to Vg3, EQ. (10.138).

» At the outset the charge equations for Qp and Qg has been derived for Vgg>V1o.

To extend the validity range of these original equations to the subthreshold region
V13 has been introduced. The remaining problem, the discontinuous transition

between the derivatives dQp /dVg and dQg /dVp around Vpg = 0, can be solved by
replacing 1 + & in Egs. (10.38) and (10.39) by A,, Eq. (10.159). This yields the Egs.
(10.165) and (10.166).

« The derivation of the equation for the bulk charges Qgg and Qgp, Egs. (10.42) and
(10.43), had to be performed for three successive ranges of Vgg. Unfortunately, the
first derivatives of Qgg and Qgp Wwith respect to Vgg are not continuous at the
boundaries Vgg + V1, and Vpg + V114, respectively. A simple remedy is the intro-
duction of the smoothing function hyp; into Egs. (10.42) and (10.43), leading to Egs.
(10.170) and (10.171).

* Calculating the value of the spectral densities for frequency zero leads to a divi-
sion by zero in Eq. (10.181) and also in Egs. (10.188), (10.190) when g,,, = 0. For these

exceptional cases the noise spectral densities should be put to zero.
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10.8 Model embedding in a circuit simulator

Although CMOS processes support n- and p-channel MOS’s, Model 9 only knows n-
channel devices. This can easily be circumvented by mapping a p-channel device
with its bias conditions and parameter set onto an equivalent n-channel device with
appropriately changed bias conditions and parameters. The criterion is that the
equivalent model plus bias conditions plus parameter set should attribute the same
charge and the same current value and current direction (DC, AC and noise) to any
physical node involved when compared to a hypothetical model that supports both
device types.

As said earlier, any circuit simulator internally identifies the terminals of a MOS
transistor by a number. However, designers are used to the standard terminology of
source, drain, gate and bulk. Therefore, in the context of a circuit simulator it is tradi-
tionally possible to address, say, the drain of MOS number 17, even if in reality the
corresponding source is at a higher potential (n-channel case). More strongly, most
circuit simulators provide for model evaluation a so-called Vg, Vgs, and Vgg based

on an a priori assignment of source, drain and bulk that is independent of the actual
bias conditions. The basic Model 903 cannot cope with bias conditions that corre-
spond to Vpg < 0. Again a transformation of the bias conditions is necessary. In this

case, the transformation corresponds to internally reassigning source and drain,
applying the standard electrical model, and then reassigning the currents and
charges to the original terminals. Especially in combination with weak avalanche
and with noise calculations, enormous care should be taken in incorporating these
changes.

In detail, in order to embed Model 903 correctly into a circuit simulator, the follow-
ing procedure, illustrated in fig. 64 should be followed.

We have assumed that indeed the simulator provides the nodal potentials Vep, Vg,

Vs and Vg based on an a priori assignment of drain, gate, source and bulk.

Step 1 Calculate the voltages Vps , Vgs and Vsg , and the additional voltages
Vpg and Vgg . The latter are used for calculating the charges associated
with overlap capacitances.

Step 2 Based on n- or p-channel devices, calculate the modified voltages V',
V’gs and V’gg. From here onwards only n-channel behaviour needs to be
considered.

Step 3 Based on a positive or negative V'pg, calculate the internal nodal volt-
ages. At this level, the voltages - and the parameters, see below - comply to
all the requirements for input quantities of Model 9.
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e e
Vps = Vp—Vg
- e
Vs = V- Vs
Vig = Vo—Vs
sB = Vs~ Vg
Ve = Vo -V
DG - YD~ Ve
_ e e
Vsg = Vg—Vg
n-channel CT;SQGI p-channel
Vbs = Vps Vbs = ~Vps
Ves = Vs Ves = Vs
Vsg = Vsp Vsg = —Vgg
yes no
Vps = Vps Vps = ‘YDS ’
Ves = Vas Ves = V’GS_V’DS
Vsg = Vg Vsg = Vggt Vs

Qp = Qp(Vps:VesVse) Sih = Sin(VpsiVgsVse)

Ips = Ips(VpsiVesVse) Qs = Qs(Vps:VesVse)  Su = Sqy(VpsVgs:Vsp)

Lav = Tavi(VosVesVse) Qe = QelVosVasVsp)  Sig = Sig(VpsVasVse)
6 = Qo+ Qs+ Qp) Sigth = Sigth(Vps:Ves:Vsp)

v

A
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yes —|
Ips = lps Qp = Qp Qp = Qs
Ipg = lavL Qs = Q¢ Qg = Qe
sg = 0 Qs = Qs Qs = Qp
Qg = Qg Qg = Qg
Sp = Sipt+ S¢ Sp = Sip+Sq + Sig
89 = Sig s, =+ izgRe{Sigth}
Sg = Stp+ 54+ Sig v
+ 2Re{ Sigun} 2; = Sth;SfISq
DG ~ g~ th
Spe = SHgth s =g 9 ‘
GS = Sigth

Ssp = —SHgth—Sin— St

Ssp = ~Sigth = Sth =S+
n—cha|nne| {
In — II QD = QD SG = SG
DS DS Q" Q: Su _ S:
" _ ] = 1 = S
Ips = Ips Q? ~ Q,G o g
lsg = lsp S S DG ~ °DG
Q — Q " _ '
B~ *B  Sgs = Sgs
Ssp = Ssp

Channe
type

p-channel
55 = 5%
Ips = ~lps Q,‘? = Qb s; =5
Ipg = -lpg %6 = Q6 sg=s5;
lsg = ~lsg Qs = Qs Spe = Spe
Qg = Qg o
Ses = Ses
Ssp = Ssp

0 <
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B
'% = Ips* Ipg QE = Qp*Cepo Vpe SeD = Sp
'?3 =0 Q(ez = Qg - Cepo Vpe—Caso IV 'se S?; = Sg
|§ = —Ips + lsg Qg = Qs+ Cgso Vg SZ = Sg
'eB = "'I'JB";B QeB = Q'é; SeDG = S’I’DG
Sgs = 3235
Sep = Ssp
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e

e e e e e e
b e Is I8 Qb Q¢ Qs Qs

Figure 64: Transformation scheme

e e e e e
Sp S Ss Sbe  Ses Ssp

Step 4 Evaluate all the internal output quantities - channel current, weak-ava-
lanche current, nodal charges, and noise-power spectral densities - using
the standard Model 9 equations and the internal voltages.

Step5Correcttheinternaloutputquantitiesforapossiblesource-draininterchange.
In fact, this directly establishes the external noise-power spectral densities.

Step 6 Correct for a possible p-channel transformation.

Step 7 Change from branch current to nodal currents, establishing the external
current output quantities. Calculate the overlap charges that are related to
the physical regions and add them to the nodal charges, thus forming the
external charge output quantities.

It is customary to have separate user models in the circuit simulators for p- and n-
channel transistors. In that manner it is easy to use different "maxi-set" parameters
for the two channel types. As a consequence, the changes in the parameter values
necessary for a p-channel-type transistor are normally already included in the
parameter sets on file. The changes should not be included in the simulator. It is the
responsibility of the persons that do the parameter determination to do so!
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10.8.1 Cross spectral densities of noise currents in MOS MODEL 9

The cross spectral densities as mentioned in the figure 64 are found in the following
way (See also fig. 55, [25] and [26]):

The noise currents ig, 14 and ig , (allin A/ +/HZ) are defined as in figure below:

Figure 65: Noise currents in a MOSFET

Here iy consists of two (uncorrelated) parts i ;,and iy ¢, describing the thermal
noise and flicker noise respectively:

ip = ip.th+ip 1 (10.191)

Conservation of current and no noise current flowing to the bulk, leads to:

g = —ip—ig (10.192)

Noise spectral densities are defined by:

Sth = Op, thilh, il (10.193)
Sq=[p, gilb, n0 (10.194)
Sig = Ogilem (10.195)
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where [ [ldenotes the time average. Gate current amd drain current thermal noise

are correlated. The correlation is given by the complex spectral densitySigth :

Sigth = Ogilh, (10.196)

S¢ = Ogilk0

M-ip—ig)(-ip—ig)

Opilp+ Ogilk O+ Dpilg+ DgilhO (10.197)

= Sip +Sq + Sig + 2Re L(S;gp) (10.198)

The noise spectral densities Sy and S are simply:
Sp = Sy, + Sy (10.199)

S¢ = Sig (10.200)

Now we turn to the cross-spectral densities and calculate SDG ;

Op, thile D+ Op, G0

= St (10.201)

Sgp is the complex conjugate of Sp5:
Sep = OgitbU= Sigm
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Similarly, Sg is given by:

Ses = OgiO
= Og(-ip—ig)
= — Ogilh0- DgilsO

= = Sjgth ~ Sig (10.202)
Sgg is the complex conjugate of Si

= —Slgin = Sig (10.203)
Sgp = Dsitb[l

= Sth=Su - Sigtn (10.204)
Sps = = Sth— S~ SHgtn (10.205)

It is convenient to summarize the results in matrix form:

SD SDG SDS
SGD SG SGS
SSD SSG SS
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Sth + S SHgtn

Smm Sm

~Sih— St —SHgth
= Sigth ~ Si

= Sth =S~ Sigth — Stgtn = Sig Sth + S * Sig + 2Re [{S;gyp)|

g

(10.206)

The above applies to the case V g 2 0. In case Vps < 0 we obtain the right equa-
tions from equation 10.206 by switching colums 1 and 3 and then switching rows 1

and 3:
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10.9 Parameter Extraction Method

The parameter extraction for MOST model 9 using an optimisation method is
described step-by-step in the scheme below. The equations used for the parameter
extraction are the basic equations of section 10.4. The simultaneous determination of
all parameters is not possible, because the value of some parameters can be wrong
due to suboptimisation. Therefore it is more practical to split the parameters into
five groups, and, for each group, to measure the characteristics according to the indi-
cated conditions and to determine the particular parameters. It should be noticed
that for the p-channel MOST all voltage and current values have to change sign
upon entering the optimisation programme as a p-MOST is treated as an equivalent
n-MOST.

The bias conditions to be used for the measurements are dependent on the supply
voltage of the process. Of course it is advisable to restrict the range of voltages to this
supply voltage V5. Otherwise physical effects, atypical for normal transistor oper-

ation and therefore less well described by MOST model 9, may dominate the charac-
teristics. This can lead for certain processes to parameter values dependent on the
selected range of voltages.

Before the optimisation starts a parameter set has to be determined which contains a
first estimation of the parameters to be extracted and the parameters which remain
constant. The values of @z and @ are calculated from the device temperature Typ

and @gg according eqgn. Eqg. (10.73) and Eq. (10.96). From our experience with differ-
ent processes Npg is set to 0.6. The values of n, and ng, which characterise the sub-

threshold behaviour, are 2 for the double k-factor model and 1 for the single k-factor
model.

With this parameter set a first optimisation following the scheme below, is per-
formed. After this the new parameter set serves as an estimation for the second opti-
misation, which is performed following the same scheme. This method yields a
proper set of parameters after the second optimisation. Experiments with transistors
of different processes show that the parameter set does not change very much after a
third optimisation.
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The parameter extraction contains the following steps:

* Ip-Ves:
n-channel @ Vgg=0... Vg, (at least 10 steps).
VDS =01V
Vgs =0V
p-channel @ Vgg=0...-Vg, (at least 10 steps).
VDS =-0.1V
VBS =0V

Determination of V1o, 3 and 6;.

. ID_VGS:
n-channel :  Vgg=0... Vg, (at least 10 steps).
Vps=0.1V
VBS =0.. 'Vsup
p-channel :  Vgg=0... -V (at least 10 steps).
VDS =-0.1V
Vs =0... Vgyp

Determination of 8, k, kg and Vggx for a n-channel and determination of 6, and k for
a p-channel.

It is recommended not to incorporate the subthreshold description in the optimisa-
tion of the parameters for the 15-Vgg behaviour in the linear region because subopti-
misations may result in wrong values and strange characteristics. So during such an
optimisation, values of I with Vgg under V+ have to be neglected.

Normally the value of k; is larger than the value of k. But for certain processes the
value of V1 versus Vgg shows a different behaviour and the value of k, is smaller
than the value of k. This behaviour can also be described with the model, but the
parameters for this description are very difficult to determine from the above meas-
urements. Therefore these parameters have to be determined from the measure-
ments in the subthreshold region.
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e Subthreshold:

n-channel :  Vgg=Vgsg ... Vggo With Ipg (Vgs1) =10 pA and Vgso > V1.
Vps = 3 values starting from 1V to Vg,
Vps =0V

p-channel :  Vgg=-Vgs1 - -Vgs2 With Ipg (-Vgs1) =-10 pA and Vs, > V1.
Vps = 3 values starting from -1 V to -V,
Vgs=0V

Determination of yyg, Mg ,{;.

For short-channel transistors Vggt also has to be determined. Therefore three Vgg are
used starting from 0 V to -V, (for n-channel transistors) or Vg, (for p-channel tran-
sistors).

If Vggt is not important, this parameter has to be large! In this case its value is set

100 V. In the subthreshold region it is in principle possible to determine the values of
Ny and Ny, Itis also possible to verify in the subthreshold region the correctness of

the values of k and k. If necessary these parameters can be corrected in order to
obtain a better subthreshold behaviour fit.

The output conductance values are extracted from the measurements of 15-Vpg by

calculating in a numerical way the derivative of Iy to V.

« Output conductance:

n-channel @ Vpg=0.1.. Vg, (step0.2V).
Vs = 3 values starting above threshold, not above Vg,
Vps = 3 values starting from 0 V to -V,

p-channel :  Vpg=-0.1..-Vg,(step-0.2V).
Vs = 3 values starting below threshold, not below -V,
Vps = 3 values starting from 0 V to Vg,

For analogue purposes the behaviour of the output conductance for values at
V1 + 100 mV is also important.

Determination of y;, a. For long-channel transistors, Vp is also determined.
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Because Vp ~ Lg, it is difficult to determine this parameter for short-channel transis-

tors. Therefore the proportionality factor for a long-channel transistor is determined
and then Vp for a short-channel transistor is calculated. With this calculated value of

Vp, the values of a and y; are determined for a short-channel transistor.

If there is no long-channel transistor available one can determine the parameters y;,
a and Vp from the measurements of the output conductance at Vgg = 0 V. Experi-

ments with C300 transistors show that these values are in good agreement with the
values, obtained with calculation and optimisation.

Measurements with Vgg near threshold, can be used to check the value of vy, after
the optimisation of Vp, y; and a.

Especially for short-channel transistors, the weak avalanche parameters also affect
the behaviour of the output conductance for large Vpg values. The output conduct-
ance will increase again when the weak avalanche parameters are taken into
account. If these parameters are not available, these output conductance values have
to be neglected. Also the values in the corresponding Ip-Vpg characteristic have to

be neglected to eliminate their influence on the value of 6;.

. ID-VDS:
n-channel :  Vpg=0.. Vg, (step 0.2V).
Vs = 3 values starting above threshold, not above Vg,
Vps = 3 values starting from 0 V to -V,
p-channel :  Vpg=-0..-Vg,, (step-0.2V).

Vs = 3 values starting below threshold, not below -V,
Vs = 3 values starting from 0 V to V,,

Determination of 8.

10.9.1 Scaling of Parameters.
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Using the formulae of chapter 10.4 it is possible to calculate a parameter set for a
process, given the parameter set of typical transistors of this process. To accomplish
this, transistors of different lengths, widths and at different temperatures have to be
measured. With the results of these measurements the sensitivities of the parameters
on length, width and temperature can be found. In the formulae Eq. (10.90) (for a)
and Eq. (10.98) the length dependence term contains an exponent. This exponent
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was introduced to be able to distinguish n- and p-channels. Out of measurements in
C3DM a different behaviour of these parameters with the length was found.
For n-channels : ng=0and n; = 0.5

For p-channels:ng=1andn; =1
During the determination of a parameter set the exponents of the two formulae are

best kept constant. Optimising these exponents can lead to strange results and can
become very time consuming.
Using the new parameters Wpog and fel generally results in better modelling accu-

racy. A good strategy is to keep Wpqg fixed at the value calculated from the mini-
mum design rules, i.e. the contact dimension plus two times the minimum OD-CO

spacing. The parameter fel must be optimized. Care must be taken that the refer-

ence transistor is chosen in such a way that Wegg 2 Wegpog.

For the determination of a geometry-scaled parameter set a three-step procedure is
recommended:

1. determine minisets (V1g, B, ...) for all measured devices, as explained above.

2. the width and length sensitivity coefficients are optimized by fitting the
appropriate scaling rules to these miniset parameters.

3. finally the width and length sensitivity coefficients are optimized by fitting
the result of the scaling rules and current equations to the measured currents of
all devices simultaneously.

Note that this extraction procedure is implemented in IC-CAP, which is the standard
parameter extraction tool within Philips.

Since the development of MOST model 9, parameter sets have been determined for
several processes (e.g. C200, C150, C100 and CO075). These can be found in the
Design Manuals. For all processes good results have been obtained.

10.9.2 Parameter extraction 1/f noise

Devices

Selection of geometries suitable for the 1/f noise measurements is done as follows:

* because of the sample-to-sample spread, inherent to 1/f noise in MOSFETS, one
always has to measure a large number of devices.
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* Dbecause this sample-to-sample spread increases inversely proportional to the
device area, one should use sufficiently large devices (area larger than ~50u m?).

» use wide and short devices to keep the noise measurable (the measured noise is
proportional to W/ L ).

* *“very wide” devices (eg. 100/1, 400/0.25, etc.) may be used to get some data
around or even below V;5 , where it is difficult to perform measurements on

standard geometries.

» especially when the devices are to be packaged, a gate protection is recom-
mended.

Bias conditions

It suffices to measure data as a function of Vg in the staturation regime, with

Vps = Vaupply » DECAUSE the saturation region is the most important region for circuit

simulation. But of course data in the linear regime may also be taken into account in
parameter extraction.

Parameter extraction

The parameter extraction strategy is as follows:

* Fita AD%+B relationship to the measured drain current noise spectra. This
yields, for every spectrum, the coefficient A , which is the (modelled) drain current
noise spectral density at f = 1 Hz.

» Use the measured g, to calculate the input-referred noise voltage spectral den-

sity at 1 Hz by dividing A by g% .

* Adijust the three noise parameters N,z , Nggg , and N to fit the data of the

input-referred noise of all measured geometries simultaneously. For NFMOD = 0,
the N, parameter should be fitted to the measurements at low gate overdrive and

in saturation. For NFMOD = 1, one should be able to fit the entire bias range.
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