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Abstract: MOS Model 11, Level 1102, is an updated version of Level 1101 (see NL-

UR 2002/802), it uses slightly different equations than Level 1101. The
surface potential is calculated iteratively using a second-order Newton-
Raphson procedure, resulting in a more accurate description of surface po-
tential. Owing to the increased accuracy, some of the basic equations used
in Level 1101 can be simplified, and as a result Level 1102 is computation-
ally as fast as Level 1101. In addition, a more physical and simpler velocity
saturation expression is used, and as a consequence the saturation voltage
expression has changed slightly as well. This all results in a more accu-
rate description of transconductance in saturation. Finally, more accurate
physics-based equations have been implemented for thermal noise, induced
gate noise and their correlation.

A new compact model for MOS transistors has been developed, MOS Model
11 (MM11), the successor of MOS Model 9. MM11 not only gives an ac-
curate description of charges and currents and their first-order derivatives
(transconductance, conductance, capacitances), but also of their higher-
order derivatives. In other words it gives an accurate description of MOS-
FET distortion behaviour, and as such MM11 is suitable for digital, analog
as well as RF circuit design.

MOS Model 11 is a symmetrical, surface-potential-based model. It in-
cludes an accurate description of all physical effects important for mod-
ern and future CMOS technologies, such as e.g. gate tunnelling current,
gate-induced drain leakage, influence of pocket implants, poly-depletion,
quantum-mechanical effects and bias-dependent overlap capacitances.

The goal of this report is to present the full definition of the model, in-
cluding the parameter set, the geometrical and temperature scaling rules,
the model implementation, and all the equations for currents, charges and
noise sources. Apart from the definition also an introduction into the phys-
ical background is given, and a basic parameter extraction procedure is de-
scribed. The complete physical background will be documented separately
in a forthcoming report.
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Preface and History of Model and Documentation

Preface

A first test version of the compact MOS model, MOS MODEL 11, Level 1102, has been put in the
public domain in January 2004. Future changes and additions to the model will be documented by
extending or changing the documentation in this Unclassified Report.

History of Model

January 2004  : Release of MOS MODEL 11, level 1102, test version

November 2004 : Release of MOS MODEL 11, level 1102, version 0 (1102.0)

Modifications in model equations:

e Addition of temperature dependence of the thermal resistance, Ap, in Sections 2.1.1, 2.2, 3.4.1,
3.4.2 and 8.

e EQs. (2.32) and (6.15) for variable Vps, have been rewritten to increase numerical efficiency
e EQ. (6.16) has been changed in order to give a simpler description of \bg,

e Slightly simpler definition of the inital starting conditions 6.32) and (6.77) for the iterative
solution of v and vy, respectively, is used

April 2005 : Release of MOs MODEL 11, level 1102, version 1 (1102.1)

Errors corrected in code:

e Default value of parameter NT in Sections 8.2.1-8.4.2 has been corrected so that it corresponds
to the default value of the reference temperature TR.

e Implementation of eq. (6.123) corrected in code.

History of Documentation

January 2004  : Release of MOS MODEL 11, level 1102, test version

November 2004 : Release of MOS MODEL 11, level 1102, version 0 (1102.0)

Errors and inconsistencies corrected in documentation:
e See remarks above in History of Model, November 2004

e Errorin Tab. 3.2.1 corrected: value of A changed from -1600 to -800
e Errorsinegs. (2.48), (2.63), (2.110), (6.10), (6.45) and (6.29) corrected
e Egs. (6.41), (6.42) and (6.43) added

April 2005 : Release of MOs MODEL 11, level 1102, version 1 (1102.1)

Errors and inconsistencies corrected in documentation:
e See remarks above in History of Model, April 2005.

e Naming of parameter VFB in Section 3.4.1 has been corrected.

e Default values of POBINV and POBACC in Section 8.4.2 have been corrected.
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1 Introduction

MOS Model 11 (MM11) is a new compact MOSFET model, intended for digital, analogue and RF
circuit simulation in modern and future CMOS technologies [1]-[3]. MM11 is the successor of MOS
Model 9, it was especially developed to give not only an accurate description of currents and charges
and their first-order derivatives (i.e. transconductance, conductance, capacitances), but also of the
higher-order derivatives, resulting in an accurate description of electrical distortion behaviour #].
The latter is especially important for analog and RF circuit design. The model furthermore gives an
accurate description of the noise behaviour of MOSFETS.

MOS Model 11 gives a complete description of all transistor-action related quantities: nodal currents,
nodal charges and noise-power spectral densities. The equations describing these quantities are based
on surface-potential formulations, resulting in equations valid over all operation regions (i.e., accu-
mulation, depletion and inversion). Additionally, in order for the model to be valid for modern and
future MOS devices, several important physical effects have been included in the model: mobility
reduction, bias-dependent series-resistance, velocity saturation, drain-induced barrier lowering, static
feedback, channel length modulation, self-heating, weak-avalanche (or impact ionization), gate cur-
rent due to tunnelling, gate-induced drain leakage, poly-depletion, quantum-mechanical effects on
charges and bias-dependent overlap capacitances.

MOS Model 11 only provides a model for the intrinsic transistor and the gate/source- and gate/drain
overlap regions. Junction charges, junction leakage currents and interconnect capacitances are not
included. They are covered by separate models, which are not part of this documentation.

MOS Model 11, Level 1102, is an updated version of Level 1101 [2]. It uses slightly different equa-
tions than Level 1101.

The surface potential generally is implicitly related to the terminal voltages and has to be calculated
iteratively. Since the iterative procedure was assumed to be time consuming, the surface potential has
been approximated by an explicit expression [b] in previous levels of MM11 [1, 2]. In the Level 1102,
the surface potential is calculated iteratively using a second-order Newton-Raphson procedure, re-
sulting in a much more accurate description of surface potential which is obtained within 3 iterations.
Owing to the increased accuracy, some of the basic equations used in Level 1101 can be simplified,
and as a result Level 1102 is computationally as fast as Level 1101. In addition, a more physical and
simpler velocity saturation expression is used, and as a consequence the saturation voltage expression
has changed slightly as well. This all results in a more accurate description of transconductance in
saturation.

The temperature scaling and geometrical scaling of parameters in MM11, Level 1102 is the same as
in Level 1101. This implies that Level 1102 includes two types of geometrical scaling rules: physical
rules and binning rules. It should be noted that using the source code of the Modelkit on the Philips’
website (which can be found at http://www.semconductors.philips.com/Philips. Models)

1. the physical geometry scaling rules can be selected by using Level 11020, while

2. the binning geometry scaling rules can be selected by using Level 11021.

1.1 Structural Elements of MOS Model 11

The structure of MOS Model 11 is the same as the structure of MOS Model 9 [6]. The model is
separable into a number of relatively independent parts, namely:

©K0ninklijke Philips Electronics N.V. 2004 1



NL-TN 2004/00085— April 2005 MOS Model 11, Level 1102 Unclassified Report

e Model embedding: Itis convenient to use one single model for both n—and p—channel devices.
For this reason, any p-channel device and its bias conditions are 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 properties. 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 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.

e Preprocessing: The complete set of all the parameters, as they occur in the equations for

the various electrical quantities, is denoted as the set of actual parameters, usually called the
“miniset”. In MM11, Level 1102, the temperature scaling parameters are included in the
“miniset”. Each of these actual parameters can be determined by purely electrical measure-
ments. Since most of these parameters scale with geometry the process as a whole is char-
acterized by an enlarged set of parameters, which is denoted as the set of scaling parameters,
usually called the “maxiset”. This set of parameters contains most of the actual parameters
for an infinitely long and broad device and a large set of sensitivity coefficients. From this,
the actual parameters for an arbitrary transistor are obtained by applying a set of transforma-
tion rules. 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 simulation.
In MM 11, Level 1102, parameter binning has been facilitated by adding a second, separate set
of geometry scaling rules. Consequently, besides the physical geometrical scaling rules there
is also a set of binning geometrical scaling rules. The physical geometry scaling rules of Level
1102 have been developed to give a good description over the whole geometry range of CMOS
technologies. For processes under development, however, it is sometimes useful to have more
flexible scaling relations. In this case one could opt for a binning strategy, where the accuracy
with geometry is mostly determined by the number of bins used. The physical scaling rules
of Level 1102 are not straightforwardly applicable to binning strategies, since they may result
in discontinuities in parameter values at the bin boundaries. Consequently, special geometri-
cal binning scaling relations have been developed, which guarantee continuity in the model
parameters at the bin boundaries.

e Clipping: For very uncommon geometries or temperatures, the preprocessing rules may gener-
ate parameters that are outside a physically realistic range or that may create difficulties in the
numerical evaluation of the model, for example division 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.

e Current equations: These are all expressions needed to obtain the DC nodal currents as a
function of the bias conditions. They are segmentable in equations for the channel current, the
gate tunnelling current and the avalanche current.

e Charge equations: These are all the equations that are used to calculate both the intrinsic and
extrinsic charge quantities, which are assigned to the nodes.

e Noise equations: The total noise output of a transistor consists of a thermal noise and a flicker
noise part, which create fluctuations in the channel current. Owing to the capacitive coupling
between gate and channel region, current fluctuations in the gate current are induced as well,
which is refered to as induced gate noise.

2 ©Koninklijke Philips Electronics N.V. 2004
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1.2 Structure of this Technical Note

After this introductory section, the physical background of the current, the charge and the noise equa-
tions is discussed to elucidate the model. Next, the temperature dependence and the basic equations
are presented. To facilitate an unambiguous discussion of these equations, the nomenclature of the
parameter set for an individual transistor (“miniset”) and the model constants is given right at the
beginning of this documentation. Next all the information, which is needed for the implementation
of the model in a circuit simulator, is presented. After the full nomenclature of all different model
parameters (both for the physical and the binning scaling rules), quantities and variables, the different
structural elements of the model are discussed in detail. The extended model equations contain all
the numerical adaptations necessary to facilitate unproblematic evaluation in a circuit simulator. Next
the methodology to extract the model parameters is presented. Finally the default values and clipping
limits of all parameters are presented, in addition the operating point output (OPO) parameters are
described.

©K0ninklijke Philips Electronics N.V. 2004 3
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2 Physics

2.1 Comments and Physical Background

In this section some physical background on the current, charge and noise description of MOS
Model 11, Level 1102, will be given. For the full details the reader is referred to a report on the
physical background of MM11, Level 1101 [3] that will be updated to Level 1102 in the near future.
Additionally, for details on the derivation of the drain-source channel current, the gate current and the
noise equations the reader is referred to [4],[5],[7]-[11]. All equations refered to are to be found in
Section 2.3.

2.1.1 List of Parameters for an Individual Transistor

In this table the symbolic representation and the recommended programming names for the differ-
ent parameters of an individual transistor with a certain channel width and length are given. More
information on the nomenclature can be found in Section3.

No. Parameter Program Units  Description

Name

0 LEVEL - Must be 1102

1 Tr TR °C Reference temperature

2 Ves VFB V Flat-band voltage for the actual transistor at the reference
temperature

ST:Ves STVFB VK~  Coefficient of the temperature dependence of kg
4 ko KO V2 Body-effect factor for the actual transistor
1/kp KPINV V~Y2  Inverse of body-effect factor of the poly-silicon gate for the

actual transistor

6 o8 PHIB V Surface potential at the onset of strong inversion for the ac-
tual transistor at the reference temperature

7 S1.48 STPHIB VK~  Coefficient of the temperature dependence of ¢g

8 B BET AV~2  Gain factor for the actual transistor at the reference temper-
ature

9 np ETABET - Exponent of the temperature dependence of the gain factor

10 b4 THESR \Van Coefficient of the mobility reduction due to surface rough-
ness scattering for the actual transistor at the reference tem-
perature

11 7y ETASR - Exponent of the temperature dependence of &,

12 6pn THEPH \Vans Coefficient of the mobility reduction due to phonon scatter-
ing for the actual transistor at the reference temperature

13 np ETAPH - Exponent of the temperature dependence of 6y,

14 Dmob ETAMOB - Effective field parameter for dependence on deple-
tion/inversion charge for the actual transistor at the reference
temperature

15 St STETAMOB K™ Coefficient of the temperature dependence of 7o

©K0ninklijke Philips Electronics N.V. 2004 5
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16

17
18

19
20

21

22

23
24

25

26

27
28

29
30
31

32
33

34

35

36

37

38

39
40
41

Vv

VEXP
Or

R

Or1
Or2

esat

Nsat

Oth

Odibl
Mo

Osf

Vp

a

ST; a
a

az
leing
Binv
leacc

B acc

VFBov

lcov

NU

NUEXP
THER

ETAR
THER1

THER2

THESAT

ETASAT
THETH

SDIBL

MO

SSF
ALP

VP
MEXP
Al

STAl
A2

A3

IGINV

BINV

IGACC

BACC

VFBOV
KoV
IGOV

AV~

AV

Vl/2
AV

MOS Model 11, Level 1102 Unclassified Report

Exponent of field dependence of mobility model at the ref-
erence temperature

Exponent of the temperature dependence of v

Coefficient of the series resistance for the actual transistor at
the reference temperature: 6 = 2- 8 - Rg

Exponent of the temperature dependence of 6;

Numerator of the gate voltage dependent part of series resis-
tance for the actual transistor

Denominator of the gate voltage dependent part of series re-
sistance for the actual transistor

Velocity saturation parameter due to optical/acoustic
phonon scattering for the actual transistor at the reference
temperature

Exponent of the temperature dependence of G

Coefficient of self-heating for the actual transistor at the ref-
erence temperature

Drain-induced barrier-lowering parameter for the actual
transistor

Parameter for (short-channel) subthreshold slope for the ac-
tual transistor

Static-feedback parameter for the actual transistor

Factor of the channel length modulation for the actual tran-
sistor
Characteristic voltage of the channel length modulation

Smoothing factor for the actual transistor

Factor of the weak—avalanche current for the actual transis-
tor at the reference temperature

Coefficient of the temperature dependence of &

Exponent of the weak—avalanche current for the actual tran-
sistor

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

Gain factor for intrinsic gate tunnelling current in inversion
for the actual transistor

Probability factor for intrinsic gate tunnelling current in in-
version

Gain factor for intrinsic gate tunnelling current in accumu-
lation for the actual transistor

Probability factor for intrinsic gate tunnelling current in ac-
cumulation

Flat-band voltage for the source/drain overlap extensions

Body-effect factor for the source/drain overlap extensions

Gain factor for source/drain overlap gate tunnelling current
for the actual transistor

©Koninklijke Philips Electronics N.V. 2004
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42 AcipL
43  BgioL
44 ST; Bsiow
45  CgipL
46  Cox
47  Cgpo
48 Cgso
49 —

50 Nt

51  Nga
52 N
53  Nec
54 toy

55 ATa
56 Nwurt

MOS Model 11, Level 1102 April 2005 — NL-TN 2004/00085

AGIDL AV-3

BGIDL V

STBGIDL VK™
CGIDL -

COX F
CGDO F
CGSO F
GATENOISE

NT J

NFA V-Im4
NFB V—im2
NFC e
TOX m

DTA K
MULT -

Gain factor for gate-induced drain leakage current for the
actual transistor

Probability factor for gate-induced drain leakage current at
the reference temperature

Coefficient of the temperature dependence of Bsp.

Factor for the lateral field dependence of the gate-induced
drain leakage current

Oxide capacitance for the intrinsic channel for the actual
transistor

Oxide capacitance for the gate—drain overlap for the actual
transistor

Oxide capacitance for the gate—source overlap for the actual
transistor

Flag for in/exclusion of induced gate thermal noise

Coefficient of the thermal noise at the reference temperature
First coefficient of the flicker noise for the actual transistor

Second coefficient of the flicker noise for the actual transis-
tor

Third coefficient of the flicker noise for the actual transistor
Thickness of gate oxide layer

Temperature offset of the device with respect to ambient cir-
cuit temperature Ta

Number of devices in parallel

Note: The parameter t, is used for calculation of the effective oxide thickness (due to quantum-
mechanical effects) and the 1/f noise, not for the calculation of g!!!

The additional parameters for the model including self-heating (see Section4.2) are listed in the table

below.

No. Parameter Program Units

57 R
58  Cm
59 A

Name

RTH K/W
CTH JIK
ATH -

©K0ninklijke Philips Electronics N.V. 2004
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2.1.2 List of Physical Constants

In this table the symbolic representation, the recommended programming names and the value of the
various physical constants used in MOS Model 11 are given.

No. Constant Program Units Description

Name

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

2 ks KB JK1 Boltzmann constant (1.3806226 - 10-2%)

q Q C Elementary unit charge (1.6021918 - 10°1°)

4 €ox EPSOX  Fm™! Absolute permittivity of the oxide layer
(3.453143800 - 10~1)

5 QMy QMN V m3C~$ Constant of guantum-mechanical behaviour of electrons
(5.951993000 - 10*%)

6 QMp QMP V msC-% Constant of guantum-mechanical behaviour of holes
(7.448711000 - 10+9%)

7 XBy CHIBN V Tunnelling barrier height for electrons for Si/SiO,-structure
(3.100000000 - 10*%)

8 XBp CHIBP \Y Tunnelling barrier height for holes for Si/SiO,-structure

(4.500000000 - 10+%)

2.1.3 List of Input Variables for an Individual Transistor

In this table the symbolic representation and the recommended programming names for the input
variables of the electrical model are given.

No. Symbol Program Units Description

Name
1 Ta TA °C Ambient circuit temperature
2 f F st Operation frequency

8 ©Koninklijke Philips Electronics N.V. 2004
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2.1.4 Comments on Current Equations

Conventional MOS models such as MOS Model 9 and BSIM4 are threshold-voltage-based models,
which make use of approximate expressions of the drain-source channel current bs in the weak-
inversion region (i.e., subthreshold) and in the strong-inversion region (i.e., well above threshold).
These approximate equations are tied together using a mathematical smoothing function, resulting in
neither a physical nor an accurate description of Ips in the moderate inversion region (i.e., around
threshold). With the constant downscaling of supply voltage the moderate inversion region becomes
more and more important, and an accurate description of this region is thus essential.

A more accurate type of model is the surface-potential-based model, where the channel current bs
is split up in a drift (lgir) and a diffusion (lgir) component, which are a function of the gate bias Vg
and the surface potential at the source (vs,) and the drain (i) side. In this way Ips can be accurately
described using one equation for all operating regions (i.e., weak, moderate and strong-inversion).
MOS Model 11 is a surface-potential-based model.

Surface Potential: The surface potential v is defined as the electrostatic potential at the gate ox-
ide/substrate interface with respect to the neutral bulk (due to the band bending, see Fig.2.1 (a)).
For an n-MOS transistor with uniform doping concentration it can be calculated from the following
implicit relation:

2
(VGB—VFB—Wp—Ws> — Y+ pr- [exp (_E) _1]
Ko g

V S S
ror o (55) oo ()~ ]

where V is the quasi-Fermi potential, which ranges from Vsg at the source side to Vpg at the drain
side, and my, is given by (1 4+ mo) - ¢7. The parameter my has been added to model the non-ideal
subthreshold behaviour of short-channel transistors', and v, is the potential drop in the polysilicon
gate material due to the poly-depletion effect. The latter is given by:

0 for: Vo < Ve

l//p:

2
(\/VGB - VFB - 'S/fs + kz_z - %) for: VGB > VFB

In Fig. 2.1 (b), the surface potential is shown as a function of gate bias for a typical n-type MOS
device. The surface potential s is implicitly related to the gate bias Vg and the quasi-Fermi po-
tential V, and cannot be calculated analytically. It can only be calculated using an iterative solution,
which in general is computation-time consuming. As a consequence, an explicit approximation of
the surface potential was used in previous levels of MM11. In order to increase the accuracy of the
calculated v, however, in MM11, Level 1102, the surface potential is calculated using a second-
order Newton-Raphson iterative procedure [12], see egs. (2.33)-(2.37)3. In this way, v is calculated
with an accuracy of about 2.5 - 10~12 and this accuracy is reached within 3 iterations. Owing to the

Lparameter mq = O for the ideal long-channel case.

2For Vee < Vg an accumulation layer is formed in both the substrate silicon and the gate polysilicon, in this case vy
is slightly negative and weakly dependent on Vgg. This effect has been neglected.

3In Section 2.3 the subscript T denotes a temperature dependent model parameter.
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Figure 2.1: (a) The energy band diagram of an n-type MOS transistor in inversion
(Ve > Vrg), Where s is the surface potential, vy, is the potential
drop in the gate due to the poly-depletion effect, V is the quasi-Fermi
potential and ¢r is the intrinsic Fermi-potential (¢ = 2 - ¢F).

(b) The surface potential as a function of gate bias for different values
of quasi-Fermi potential V (mg = 0).

increased accuracy, some of the basic equations used in Level 1101 can be simplified, and as a re-
sult Level 1102 is computationally as fast as Level 1101. A more complete overview of the iterative
calculation of s can be found in Section 6.2 on the implemented model equations.

A surface-potential-based model automatically incorporates the pinch-off condition at the drain side,
and as a result it gives a description of both the linear (or ohmic) region and the saturation region for
the ideal long-channel case. In this case the saturation voltage \Vbsar (i.€., the drain-source voltage

above which saturation occurs) corresponds to eq. .27). For short-channel devices, however, no real

pinch-off occurs and the saturation voltage is affected by velocity saturation and series-resistance. In
this case the saturation voltage Vpsar is calculated using egs. (2.27)-(2.31). The transition from linear

to saturation region is no longer automatically described by the surface-potential-based model. This
has been solved in the same way as in [13] by introducing an effective drain-source bias \bs, which

changes smoothly from Vps in the linear region to Vpsar in the saturation region, see eq. (2.32).

A surface-potential-based model makes no use of threshold voltage ;. Circuit designers, however,
are used to think in terms of threshold voltage, and as a consequence it would be useful to have a
description of Vr in the framework of a surface-potential-model. It has been found that an accurate
expression of threshold voltage is simply given by:

k2
VT=VFB+(1+k_02)'(VSB+¢B+2'¢T)_VSB+kO’\/VSB+¢B+2‘¢T
P

The threshold voltage and other important parameters for circuit design are part of the operating point
output as given in Section 9.2.

10 ©Koninklijke Philips Electronics N.V. 2004
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Channel Current: Neglecting the influence of gate and bulk current, the channel current can be
written as:

Ips = laritt + laifs
where ideally the drift component Iy can be approximated by (for Vg > Vgg):

. Qinvo + Qinv._ .

2. Cox (WSL - WSo)

larit = — B

and the diffusion component lyir can be approximated by (for Vgg > Vgg):

Idiff _ ﬂ . ¢T‘ Qinv._c_ Qinvo

[0):8
Here Coyx is given by e /tox, and Qiny, and Qjn, denote the inversion-layer charge density at the
source and drain side, respectively, which are given by egs. .40)-(2.42) (where Qiny = —¢€ox /tOX .
Vinv)-

In the non-ideal case the channel current is affected by several physical effects, such as drain-induced
barrier lowering, static feedback, mobility reduction, series-resistance, velocity saturation, channel
length modulation and self-heating, which have to be taken into account in the channel current ex-
pression:

e In threshold-voltage-based models drain-induced barrier lowering and static feedback are tra-
ditionally implemented as a decrease in threshold voltage with drain bias. Here these effects
have been implemented as an increase in effective gate bias A\ given by egs. (2.19)-(2.24).
An effective drain-source voltage Vps,, has been used to preserve non-singular behaviour in
the higher-order derivatives of Ips at Vps = 0 V.

e The effects of mobility reduction and series-resistance on channel current have been described
in [8], and have consequently been implemented using egs. 2.51) and (2.55), respectively.

e The effect of velocity saturation has been modelled using the following electron velocity satu-
ration expression [9]:
n-Ey
V= >
I+ (1 v - EY)
where E| is the lateral electric field E;. Using the above expression in the calculation of channel

current Ips results in the velocity saturation expression 2.54), where 6 is theoretically equal
to o/ (vt - L). For holes, the expression is slightly different.

e The effect of channel length modulation and self-heating on channel current have been de-
scribed in [9], and have consequently been implemented using egs. .52) and (2.56), respec-
tively.

All the above effects can be incorporated into the channel current expression using eq. .57) and
eqg. (2.60).

©K0ninklijke Philips Electronics N.V. 2004 11
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1.E12
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Figure 2.2: (a) The different gate current components in a MOS transistor. One
can distinguish the intrinsic components, i.e. the gate-to-channel cur-
rent Igc (= lgs + lgp) and the gate-to-bulk current Igg, and the ex-
trinsic, i.e. the gate/source and gate/drain overlap components k,,.
(b) Measured and modelled gate current as a function of gate bias \&s
at Vps = Vsg = 0V, the different gate current components are also
shown. NMOS-transistor, W/L = 10/0.6m and tox = 2nm.

Weak-Avalanche Current: At high drain bias, owing to the weak-avalanche effect (or impact ion-
ization), a current I, will flow between drain and bulk®. The description of the weak-avalanche
current has been taken from MOS Model 9 [6], and is given by eq. (2.61). With the down-scaling of
supply voltage for modern CMOS technologies, weak-avalanche becomes less and less important.

Gate Tunnelling Current:  With CMOS technology scaling the gate oxide thickness is reduced and,
due to the direct-tunnelling of carriers through the oxide, the gate current is no longer negligible, and
has to be taken into account. Several gate current components can be distinguished, three components
(lgs, lep and lIgg) due to the intrinsic MOS channel, and two components (lgoy, and lgoy, ) due to
gate/source and gate/drain overlap region, see Fig.2.2 (a).

For an n-type MOS transistor operating in inversion, the intrinsic gate current density & consists of
electrons tunnelling from the inversion layer to the gate, the so-called conductance band tunnelling,
which in general can be written as [14] (for Vgg > Ves):

Je ¢ —=Vox - Qinv * Pun {Vox, x8, B}

where Vo, is the oxide voltage given by Vox = Vg — Vs — ¥ — ¥s. The carrier tunnelling probability
Pwn 1S a function of the oxide voltage Vyy, the oxide energy barrier xg as observed by the inversion-
layer carriers, and a parameter B. This probability is given by eq. £.69), where both direct-tunnelling
for Vox < xg and Fowler-Nordheim tunnelling for V,x > xg have been taken into account.

Owing to quantum-mechanical energy quantization in the potential well at the SiG-surface, the elec-
trons in the inversion layer are not situated at the bottom of the conduction band, but in the lowest

4In reality part of the generated avalanche current will also flow from drain to source [4], this has been neglected.
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energy subband which lies A xg above the conduction band. Assuming that only the lowest energy
subband is occupied by electrons, the value of Ay can be given by eq. (2.76) [15]. As a result the
oxide barrier xg,, has to be lowered by an amount of A xg, see eq. (2.77).

In inversion the total intrinsic gate current consists of electrons tunnelling from inversion layer to
gate, the so-called gate-to-channel current Isc. These electrons are supplied by both source (lgs) and
drain (Igp). The gate-to-channel current Igc can be calculated from:

L
IGC=W'/ J(;-dX
0

where X is the coordinate along the channel. Using a first-order perturbation approximation, i.e. as-
suming the gate current is small enough so that it does not change the distribution of surface potential
along the channel, Igc can be calculated by egs. (2.76)-(2.85). In the same way the partitioning of
Igc into Igs and Igp can be calculated using:

IGS=W./OL(1—%)-Jg-dx

L x
IGD=W'/ —-J(;-dX
o L

which results in expressions for Igs and Igp as given by egs. (2.86)-(2.88). The gate-to-channel cur-
rent lgc can be seen in Fig. 2.2 (b) as a function of gate bias for a typical n-MOS transistor at \bs = 0
(Ie lgs = Igp = 1/2 . IGC)-

For an n-type MOS transistor operating in accumulation, an accumulation layer of holes is formed in
the p-type substrate and an accumulation layer of electrons is formed in the n"-type polysilicon gate.
Since the oxide energy barrier for electrons xz,, is considerably lower than that for holes xs,, the gate
current will mainly consist of electrons tunnelling from the gate to the bulk silicon, where they are
swept to the bulk terminal. In this case the (intrinsic) gate current density J can be written as [14]
(fOf Veg < VFB):

Je o¢ —Vox * Qacc - Pun {—Vox, x8, B}

where Q¢ is the accumulation charge density in the gate given by gy /tOX - Vox. In order to limit
calculation time the quantum-mechanical oxide barrier lowering in this case is neglected, and the re-
sulting expression for Igg is given by eqgs. (2.74)-(2.75). The gate-to-bulk current Igg can be seen in
Fig. 2.2 (b) as a function of gate bias for a typical n-MOS transistor at \bs = 0.

Apart from the intrinsic components Igc and Igg, considerable gate current can be generated in the
gate/source- and gate/drain-overlap regions. Concentrating on the gate/sourcé-overlap region, in
order to calculate the overlap gate current, the overlap region is treated as an n"-gate/oxide/n™*-bulk
MOS capacitance where the source acts as bulk. Although the impurity doping concentration in the
n*-source extension region is non-uniform in both lateral and transversal direction, it is assumed that
an effective flat-band voltage Vigoy and body-factor ko, can be defined for this structure. Furthermore

5In the following derivation, the same can be done for the gate/drain-overlap region by replacing the source by the drain.
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assuming that only accumulation and depletion occur in the nt-source region®, a surface potential
Yoy €an be calculated using:

2
(VGS - VFBov - 1//pov - l»//ov> _ _1//0\/ + ¢T . [exp <%) . 1:|

kOV T

where the potential drop in the polysilicon gate material due to the poly-depletion effect vg,, is given
by:

0 for: Vgs < Vrgov

1i[/pov =

2
2
(\/VGS — Vegov — Yov + k% - k7p) for: Ves > Vegoy

Again the surface potential v, is calculated using a second-order Newton-Raphson iterative proce-
dure [12], see egs. (2.62)-(2.68). A more complete overview of the iterative calculation of v, can be
found in Section 6.2 on the implemented model equations.

For Vos > Vpeov @ Negatively charged accumulation layer is formed in the overlapped n*-source
extension and a positively charged depletion layer is formed in the overlapping gate. In this case the
overlap gate current will mostly consist of electrons tunnelling from the source accumulation layer to
the gate, it is given by:

IGO\, o —Vov - Qov - Pun {Vov, x8, B}

where V,, is the oxide voltage for the gate/source-overlap (= Vs — Vrgov — ¥poy — Yov), given by
egs. (2.63)-(2.68), and Q,, is the total charge density in the n*-source region (= —eox/tox - Vov)-
For Ves < Vegoy the situation is reversed, a positively charged depletion layer is formed in the over-
lapped n*-source extension and a negatively charged accumulation layer is formed in the overlapping
gate. In this case the overlap gate current will mostly consist of electrons tunnelling from the gate
accumulation layer to the source, it is given by:

|Gov & Vov - Qov * Pun {—Vov, x8, B}

The overlap gate current components can now be given by egs. .70)-(2.73). In Fig. 2.2 (b) the gate
overlap current lg,, is shown as a function of gate bias for a typical n-MQOS transistor at \bs = 0 (i.e.

IGOVL — IGOVo)'

For n-type and p-type MOS transistors the gate current behaviour is different due to the type of car-
riers that constitute the different gate current components’. The difference is summarized in Tab. 2.1.

2.1.5 Comments on Charge Equations

In a typical MOS structure we can distinguish intrinsic and extrinsic charges. The latter are due
to the gate/source and gate/drain overlap regions. The drain/source junctions also contribute to the

6Since the source extension has a very high doping concentration, an inversion layer in the gate/source overlap will only
be formed at very negative gate-source bias values. This effect has been neglected.

TItis assumed here that the gate current is only determined by conductance band tunnelling. For high values of gate bias
(i.e. q - Vox > Eg) electrons in the bulk valence band may also tunnel through the oxide to the gate conduction band. This
mechanism is referred to as valence band tunnelling, and it has not been taken into account in MOS Model 11.

14 ©Koninklijke Philips Electronics N.V. 2004
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Table 2.1: The type of carriers that contribute to the gate tunnelling current in the
various operation regions for the intrinsic MOSFET, the gate/drain- and
gate/source-overlap regions. The type of carriers determine the value of
oxide energy barrier xg that has to be used (g, for electrons, xg, for
holes). In the last row the direction of gate current is indicated.

Type Intrinsic MOSFET Overlap Regions
Accumulation | Inversion
NMOS electrons electrons electrons
PMOS electrons holes holes
I les / lop les / lop

capacitance behaviour of a MOSFET, but this is not taken into account in MOS Model 11; it is
described by a separate junction diode model.

Intrinsic Charges: In the intrinsic MOS transistor charges can be attributed to the four terminals.
The gate charge Qg can be simply calculated from:

L
ng—W-/ Qtor - dX
0

where Qq is the total charge density in the silicon bulk (Qgut = —€ox/tox - Vox). The total inversion-
layer charge Qjny is split up in a source Qs and a drain Qp charge, they can be calculated using the
Ward-Dutton charge partitioning scheme [16]:

Q3=W'/OL(1—%>'Qinv'dX

Lx
Q=W [ ¥ Qu-dx
0
Since charge neutrality holds for the complete transistor, the bulk charge is simply given by:

Qe =-0Qs—Qp—Qc

The above equations have been solved, and the charges are given by egs. €.95)-(2.100). In these
equations Cox, is the effective oxide capacitance, which is smaller than the ideal oxide capacitance
Cox due to quantum-mechanical effects: Quantum-mechanically, the inversion/accumulation charge
concentration is not maximum at the Si-SiO,-interface (as it would be in the classical case), but
reaches a maximum at a distance Az from the interface [L5]. This quantum-mechanical effect can
be taken into account by an effective oxide thickness tx + €ox / €sj - Az, where Az is dependent on
the effective electric field Eefr [15], [17] (Eeft = —€ox /€si - Vett /tox). The effective oxide thickness
results in an effective oxide capacitance Cyy., See eq. (2.95).

It should be noted that the above charge model is quasi-static. A phase-shift between drain channel
current and gate voltage is not taken into account. This implies that for a few applications at high
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frequencies approaching the cut-off frequency, errors have to be expected due to non-quasi-static
effects. Nevertheless non-quasi-effects can be taken into account using a segmentation model as
described in [18].

Extrinsic Charges: The gate/source- and gate/drain-overlap regions act as bias-dependent capaci-
tances. In order to take this bias-dependence into account the overlap regions are treated as an -
gate/oxide/n* -bulk MOS capacitance along the same lines as was done for the overlap gate current,
see Section 2.1.4. The charge in the overlap regions can simply be given by egs. £.93)-(2.94). The
quantum-mechanical effect on oxide thickness has been neglected here in order to reduce calculation
time.

2.1.6  Comments on Noise Equations

In a MOS transistor generally three different types of noise can be observed: 1/f-noise, thermal noise
and induced gate noise. The gate tunnel current and the bulk avalanche current will also exhibit noisy
behaviour (due to shot noise), however this has been neglected in MOS Model 11.

1/f-Noise: At low frequencies flicker (or 1/f) noise becomes dominant in MOSFETSs. In the past
this type of noise has been interpreted either in terms of trapping and detrapping of charge carriers
in the gate oxide or in terms of mobility fluctuations. Over the past years, a general model for 1/f-
noise which combines both of the above physical origins [L9], [20], has found wide acceptance in
the field of MOS modelling. The model assumes that the carrier number in the channel fluctuates
due to trapping/detrapping in the gate oxide, and that these number fluctuations also affect the carrier
mobility resulting in (correlated) mobility fluctuations.

The same model is part of MOS Model 9 [21], and has been used to calculate the 1/f-noise for MOS
Model 11. The calculations have been performed in such a way that the resulting expression for
spectral density is valid for all operation regions (i.e. both in subthreshold and above threshold), it is
given by egs. (2.114)-(2.117).

Thermal Noise: Since the MOSFET channel can be considered as a non-linear resistor, the channel
current is subject to thermal noise. For an ideal MOSFET where the mobility is position independent,
the thermal noise is given by the so-called Klaassen-Prins equation R2]. Let thermal-noise current
sources be parallel connected to each infinitesimal short element of the channel, it can be shown that
the noise spectral density, which is defined by [22]:

< Aip? > = / Si (F)df
0

is given by a generalized Nyquist relation:

L
N
Sn o= 173 [ 9mdx
L= Jo
where Ny is equal to 4 - kg - T and g (x) is the local specific channel conductance:
gx¥) = —p-W - Qin(X)
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In reality, however, the mobility w(x) is position dependent mainly due to the effect of velocity
saturation. In this case, the conventional Klaassen-Prins approach does not hold, and an improved
Klaassen-Prins approach has been derived [L1]. This improved approach results in the spectral density
given by egs. (2.102)-(2.110). Again continuity of the noise model is assured along all modes of
operation. The above thermal noise model has been found to accurately describe experimental results
for various CMOS technologies without having to invoke carrier heating effects fL1].

Induced Gate Noise: Owing to capacitive coupling between gate and channel, the fluctuating chan-
nel current induces noise in the gate terminal at high frequencies. Using the above-mentioned im-
proved Klaassen-Prins approach [11], we can derive eq. (2.111) for the induced gate current noise. In
addition, since Sy, and Sig have the same physical origin, both spectral densities are correlated. Using
the above approach, this can be expressed by eq. 2.112).

The induced gate noise S is a so-called non-quasi static (NQS) effect. Since the use of the channel
current noise description in an NQS segmentation model [18] would automatically result in a correct
description of induced gate noise, Sy can be made equal to zero by using parameter GATENOISE,
see eq. (2.111).
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2.2 Calculation of Temperature-Dependent Parameters
In this Section the temperature scaling rules for the parameters of the electrical model will be given.

In contrast to the geometry scaling rules, as treated in Section5, the temperature scaling is the same
for both Level 11020 and 11021.

Note: Note the addition of the voltage Vgt of the thermal node in order to include self-heating, see
Section 4.2.

Calculation of Transistor Temperature

Tkvr = To+ TR (2.2)
Tamb = To+Ta+ ATa (2.2)
Tkp = To+ Ta+ ATa+ Vgt (2.3)

Calculation of Threshold-Voltage Parameters

kg - T
o = K8 Tho (2.4)
q
Vier = VeB+ (Tkp — TkR) * ST;ves (2.5)
¢gr = ¢+ (Tkp — Tkr) - Stigp (2.6)

Calculation of Mobility/Series-Resistance Parameters

Tir \
Br = B- (T—KR> @.7)
KD
T, Nsr
erT = Oy - (ﬁ> (2.8)
TKD
T Tph
Opn, = Opn- (%) (2.9)
Mmobr = Mmob * |1+ (Tko — TkR) * ST | (2.10)
VT = 1 + (V — 1) . (TKR/ TKD)UeXp (211)
T MR
Ory = Or- (T—KR) (2.12)
KD
T Nsat
QsatT = Osat- <T—KR> (2.13)
KD
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Calculation of Conductance Parameters

Ter \
o) = @ D ——
Tht Th ( TKD >

Calculation of Weak-Avalanche Parameters

a;, = a- [1 + (Tkp — TkRr) - ST;al]

Calculation of Gate-Induced Drain Leakage Parameters

BeioLy = BegioL - [1 + (Tkp — TkRr) - ST;BG|D|_]

Calculation of Noise Parameters

;

Calculation of Thermal Resistance

Tamb > ATh

Rthy = Rm- ( Ten

©K0ninklijke Philips Electronics N.V. 2004

April 2005 — NL-TN 2004/00085

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)
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2.3 Basic Equations
The equations listed in the following sections, are the basic equations of MOS Model 11 without any
adaptations necessary for numerical reasons. As such they form the bas of parameter extraction. In

the following, a function is denoted by F {variable, ...}, where F denotes the function name and
the function variables are enclosed by braces {}.

2.3.1 Internal Parameters
2
Po =1+ (ko /kp)

Viimit =4 - ¢1

Op. == O -1 4+ —2
Rett — o "Rt ( + 1/2+9R2)

My = (1 +Mmo) - ¢1

8VGB Ves=VrBr 1+ ko /«/2(]51-
dYsov 1
" Ve Vee=VrBov 1+ Kov /\/ 2¢1
2/3
QM - (€ox /tox) for NMOS
QM, =

QMp - (eox /tox)*”° for PMOS

2
QM = ¢ - QMy

xgy  for NMOS
XBinv =
XBp for PMOS

XBace = XBn

2.3.2 Basic Current Equations
Drain induced barrier lowering and Static Feedback:
0 for: Vgs + Vsg — VFBT <0
Ve = (2.19)
Ves + Vsg — Vrg; fori Vgs + Vsg — Veg; > 0

2

\/PD - Vepy + Ko?/4 — ko/2

= 2.20
l//Sz’zlto PD ( )
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Ddibl = dibl - v/ Vs + P8

0 for: Yy — Vsg — ¢, < 0
Dsf =

Osf - \/WSMO — Vsg — ¢BT for: Wsato — Vsg — ¢BT >0

Vps*
Vpsys = 373
(Viimit® + Vps®?) /

AVg =/ Daibi® + Dsf? - -Vps,q

Effective Gate-Bulk Voltage:

Veg = Ves + Vsg + AV — Vg,

Drain Saturation Voltage:

0 for: Vig <0
l//satl =

2
<[\/PD-V§B+k02/4—k0/2]/PD> for. Vg >0

VDSAT|ong — wsatl - VSB - ¢BT

Gsat-l— fOf NMOS
Teat =
* % for PMOS
<1+95atT 2 “VDSAT}gng 2
(Tsat - eReﬁ) : VDSAT|ong
Asar =

3 (ﬁ + \/ 242 Teat - VDSAT|0ngz) + ORer * VDSATIong

44/45 - Asar
VDsATgot = VDSATIng * | 1 — (f )
2—-1 'Tsat—QReﬁ 2
1+ \/ 1- Ty Asar
Viimit for: Vpsatgor < Viimit
Vpsar =
VbsaTgor  TO: VDsATgor > Viimit
Vbs
Vps, =

T
[1+ (VDS/VDSAT)Z'm] am
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(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)
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Surface Potential:

The surface potential 5 is given by the following implicit relation:
F (s, @) = —Vox {¥s)* +ko” - d {¥5, ¢} = 0

where ¢ can be either Vsg + ¢, Or Vps, + Vsg + ¢g,, and:

Vg — ¥s for: Vgg —¥s <0
Vox {ws} =

2'(\/587%) f . *
or: Vi — s >0
1+\/1+4/kp2'(V(§871//s) GB Klfs

d (Y. §) = e + 7 - [exp <—£> _ 1}
o

coen(- ) ()]

Unclassified Report

(2.33)

(2.34)

(2.35)

The surface potential is iteratively calculated using a second-order Newton Raphson procedure. The
surface potential at the source s, and at the drain v,_are calculated iteratively using a second-order

Newton Raphson procedure from the following implicit relations:
F {WSOa VSB + ¢BT} = 0

F {¥s.. Vs, + Vsg + ¢} =0

Auxiliary Variables:

AY =Y. — Y5,
—_1[/S|_+'¢f80
V= 2

Inversion-Layer Charge (Qin = —€ox /tox - Vinv):

(2.36)

(2.37)

(2.38)

(2.39)

0 for: Vg —vs <0

Vinv (s, ¢} =

«/a{¢>J//s}+\/1ﬂs+¢>T'[GXP(*I//S/¢>T )-1]
Vinvo = Vinv {Wso, Vsg + ¢BT}
Vinv|_ = Vinv {Ws._, VDSX + VSB + ¢BT}

\7inv _ Vinvo ';VinvL

fadrew(-o/ngr) [oo(s/ne ) wifng 1] g ey g

(2.40)

(2.41)

(2.42)

(2.43)
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\70)( — VOX {lﬁso} _;VOX {WSL}

Vet = \7inv + Mmobr * (\70x - \7inv)

MOS Model 11, Level 1102

for: V&g —v¥s <0

for: Vig —vs >0

on {WS} + ¢T . [ﬁ - 1]

Vs o1

éox Wfs} = _¢T' aw =
B W= ey
= Eox {Wso} + &ox {Ws._}
Eox = >
8Vinv

S{ws} = _¢T' 81// =

s on {WS} + ¢T :
= S {WSO} +$ {WSL}
5= 2

Vi = Vi + (L4 mp) - &

Second-Order Effects

Mobility Degradation:

ko [1—exp(—ys/éT)]
2./ ws+¢r-[exp(—vsfor ) —1]

vr/3 2-vr /vt
L [ (Bpny - Verr) ™ + (B - Ver) 7| for NMOS
Ho
Gmob = m = N
[1 + (QphT : Veff)vT/3 + (er-r . Veff)VT] ! for PMOS
Channel Length Modulation:
AL Vbs — Vps, + \/(VDS - Vsz)2 + Vp?
GAL:].—T:l—OlIn Vv
P

Velocity Saturation:

Osaty AV
Gmob

X =
sat Osaty . Ay

77
Gmob [1+(95atT'A‘/f/Gm°b)2]

G
Gysat = SOb : [1 +v1i+2- Xsatz]
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(2.44)

(2.45)

(2.46)

(2.47)

for: V&g —¥s <0

(2.48)

for: V&g — s >0

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)
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Series Resistance + Self-Heating:

ORr1 ) -
Gr=6r, - |14+ ——— ) V&
R RT ( 9R2 + Vinv v

Gh = 6Oy - Vos - AV - Vi,

Gysat - GaL + Gr (Gysat - GaL + GR)2 Gr Xsat?
Giot = G + + - T
2 4 Gmob 1 + 2 . Xsatz

Drain-Source Channel Current:
larie = B - Viny - AY
lLaitt = Bt Mgy + (Vinvo — Vinw)

Larife + laife

Ips =
GtOt

Weak-Avalanche:

0 for: Vps < a3 - Vpsar

Iavl = a
a; - IDS - exp <_VDST32'VDSAT> for: VDS > 4z - VDSAT

Surface Potential in Gate Overlap Regions:

The surface potential in the overlap region vy is given by the following implicit relation:
Fov {Vox Yov} = =Vov {(Vex, Yov)” + kov” - dov (ov} = 0

where Vgx can be either Vgs or Vgp, and:

Vex — Vrov — Yov for: Vex — Yov < VeBov
Vov {VGX, ‘pov} =

Vex—VEBov—Vov f .
or: Vex — Yov > Vrgov
1+\/1+4/kP2'(VGX—VFBov—II/ov)

dov {Yov} = —Vov + @7 [EXp (@> — 1:|
or

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

The surface potentials in the gate/source overlap vy, and in the gate/drain overlap v, are calculated
iteratively using a second-order Newton Raphson procedure from the following implicit relations:

Fov {VGS’ 1;00v0} =0

Fov {Ves — Vbs, Yov | =0

(2.65)

(2.66)
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The oxide voltages in the gate/source overlap Vg, and the gate/drain overlap Vg, are given by:
Vovo = Vov {VGS, 1,bovo} (2.67)

V0v|_ = Voy {VGS — Vps, WOVL} (2.68)

Gate Current Equations:

The tunnelling probability is given by:

|:1—(1—VOX/XB)%]
exp| -B - t—v—— for: Vox < x8

Ptun {Vox» x8, B} = (2.69)

exp (— B/ Vox) for: Vox = xs

Source/Drain Gate Overlap Current: The gate tunnelling currents in both gate/source and gate/drain
overlap are given by:

Pov {Vov} = Puun {Vov: X8+ Binv} (2.70)
lcov {Vex, Vov} = lcov - Vox - Vov - [Pov {Vov} — Pov {—Vovl] (2.71)
lcovo = lov {Vas » Vovo } (2.72)
lov, = leov {Vas — Vbs » Vou } (2.73)

Intrinsic Gate Current: The gate tunnelling current in accumulation:
Pacc = Pun {_vox, XBace » Bacc} (2-74)

_IGACC : (VGS + VSB) : \70x : Pacc for: \70x =< 0
lgg = i (2.75)
0 for: Vx>0

The tunnelling current in inversion (i.e., Vg > 0), including quantum-mechanical barrier lowering
Axg:

2/3

Axg = QMy - (Vinv/ 3 + Vox — Viny) (2.76)
XBer = XBin, — AXB (2.77)
Bett = Binv - (Xeur /i) (278)
Pinv = Puun {Voxs XBur» Befr} (2.79)
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3 B 3
rg=1—0. Sox (2.80)
8 XBef ¢T
r* = S_* (2.81)
¢t - Vinv
Eox
Fox = _ (2.82)
> ¢T : Vox
re?+4-rg-r*+2-rg-rox+2-r2 4+ 4.5 -r*
Poc =14 2 2ferl #2T6 Toct RRALL SN (2.83)
24
_ 1
lec = leinv - GaL - | Ves — EVDSX * Piny (2.84)
The total intrinsic gate current lgc:
lec = lac - Vinv - Pac (2.85)
A
Pos = [Ts + Fod - =~ (2.86)
12
1 - Vi — Vi -
lgs = 3 lec + (PGS - Viny + %) - lec + leov (2.87)
lep = lac — las + leov, + lcov, (2.88)
Gate-Induced Drain/Source Leakage Current:
Viow (Vor. V} = y/Viu? + Coipt ? - V2 (2.89)
gt (Vow: V= Agipt V. - Vigy [Voy, V)2 - exp ( ———S0Lr__ (2.90)
Viov {Vov, V1
Igisl = Igixl {Vovo, VSB} (2-91)
Igidl = Igixl {VovL, Vbs + VSB} (2.92)
2.3.3 Basic Charge Equations
Bias-Dependent Overlap Capacitance:
Qovo = Caso * Vov, (2.93)
Qov. = Capo - Vou. (2.94)
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Intrinsic Charges:

Cox

1A
14+ QMy, - [ eﬁT]

Coxer =

F= 1 AVin
2" Vi
Qs = _Coxeﬁz- GaL . |:\7inv % (Fj - F?JZ o
Qp = _Coxeffz- GaL |:\7inv AVipy
Qc = Coxer - [Vox 4+ AV K- ‘%]

Qe =—[Qs+ Qp + Qq¢l

2.3.4 Basic Noise Equations

In these equations frepresents the operation frequency of the transistor.

Gr
Getp = 1— —
o Guor
Osat;” - AY? - Ger?  for NMOS
2
X =
* Oty A ot for PMOS
\/1+9sat-|—2'A1/f2'Geff2
Gmob + \/Gmob2 + 2 - Xat?
GvsatR = 2
t . \7inv
' vi:v
F?
= 3
N Xsat”
- GVS&tRZ
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(2.95)

(2.96)

(2.97)

(2.98)

(2.99)

(2.100)

(2.101)

(2.102)

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)
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pr-V |nv
i = — 2.108
Jideal G vsatn G AL ( )

fox GvsatR : GAL

B = 2-w-f-C - = 2.109
¢ g et ¢T Gmob ( )
S = Nrr-Getr” - Gideal - [to +12 12 (1= 2+ toa — 2 tsat®) ] (2.110)
Sq = N B [ - 241242 (2.111)
T T Qe 12 V7B '
1y 9.1,
tsat - 3-h-thpb———-36-1
+ Lat <12 +o--0 5 >
t 17 -t
tsa” - 4.t -t) — — 24 . 1,2
+ tsat (12 +4-4-0 5 2 )]
1
Sigh = ] - Npp- Gerr - V12 - |:1 —12 -t + tey - (5 -t +30- tz)
3 3.t 51-p
tea” - = — —— 2.112
+ sat (8 2 + 2 ):| ( )
Jideal Gﬁzb\/gil_
_ ) 2 A \/72
for GATENOISE = 1: § 2 = Nrr - Ger g'dea'/ b e (2.113)
Sigh =10
€ox r AViny
Ny = — .|V 2.114
T T 0t ('”V+ 2 ) (2114)
€ox - AViny
N = |\ Vinv — 2.115
L q - tox ( inv 5 ) ( )
€ox =
- E 2.116
q- tox ( )
q- ¢ tox - 1 Ips 2 <N0+N*
- | (Nea = N* - Neg + N2 - N ) - In |~
S F e Gum N' ( FA B+ FC) N, ¥ N
Nec
+ (Nes — N* - Nec) - (N — Ny) + T (No% — N )} (2.117)
f (NL + N¥)
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3 Nomenclature

3.1 General Remarks

The symbolic representation and the recommended 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.

All parameters which refer to the reference transistor and/or the reference temperature 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 letter O in the programming name, because often they are
distinguishable with great difficulty! Scaling parameters are indicated by S with a subscript where
the variables on which the parameter depends, precede a semicolon whereas the parameter succeeds
it, €.9. St.gg-

Note: Since the list of parameters for an individual transistor (i.e. the so-called miniset parameters)
and the list of physical constants can be found in Sections2.1.1 and 2.1.2, respectively, they will not
be repeated here.
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3.2 List of Input Variables and Quantities
3.2.1 List of Numerical Constants

No. Constant  Program Name Value
1 A LN_MINDOUBLE -800

3.2.2 List of Circuit Simulator Variables

No. Symbol Program Units Description

Name
1 L L m Drawn channel length in the lay-out of the actual transistor
2 W W m Drawn channel width in the lay-out of the actual transistor
3 Ta TA °C Ambient circuit temperature
4 f F st Operation frequency

3.3 List of Electrical Quantities and Variables

For the electrical quantities and variables, the distinction is made between external, referring to the
nodes of the physical device, and internal, referring to their use in the model equations.

3.3.1 External Electrical Quantities and Variables

The definitions of the external electrical variables are illustrated in fig.3.1.

€

I D d e

) ° Vs =8+
S

€

Ig G d e

: Ve =8+
S8

e

Ig S d e

= 3 g-g+%%
S¢S

e

) ° Ve =8+

Figure 3.1: Definition of the external electrical quantities and variables
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No. Variable Program Units

Name
1V VDE
2 g VGE
3 Ve VSE
4 Ve VBE
5 I8 IDE
6 1§ IGE
76 ISE
8 I§ IBE
9 € QDE
10 Q¢ QGE
11 Q¢ QSE
12 o OBE
13 S¢ SDE
14 s§ SGE
15 sE SSE
16 S,  SDGE
17 sg SGSE
18 S, SSDE

©K0ninklijke Philips Electronics N.V. 2004
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>
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Als

AZs
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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

Cross spectral density between the drain and the gate noise
currents

Cross spectral density between the gate and the source noise
currents

Cross spectral density between the source and the drain
noise currents
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3.3.2 Internal Electrical Quantities and Variables

No. Variable Program Units Description

Name

1 Vbs VDS V Drain—-to—source voltage applied to the equivalent n-MOST

2 Ves VGS \YJ Gate—to—source voltage applied to the equivalent n-MOST

3 Vsg VSB \YJ Source-to—-bulk voltage applied to the equivalent n-MOST

4 Ibs IDS A DC current through the channel flowing from drain to source

5 lavL IAVL A DC current flowing from drain to bulk due to the weak—
avalanche effect

6 lgs IGS A DC current flowing from gate to source due to the direct
tunnelling effect

7 lep IGD A DC current flowing from gate to drain due to the direct tun-
nelling effect

8 lc IGB A DC current flowing from gate to bulk due to the direct tun-
nelling effect

9 leisL IGISL A DC current flowing from source to bulk due to the gate—
induced source leakage effect

10  lgipL IGIDL A DC current flowing from drain to bulk due to the gate—
induced drain leakage effect

11 Qp QD C Intrinsic charge in the equivalent n—-MOST attributed to the
drain node

12 Qg QG C Intrinsic charge in the equivalent n—-MOST attributed to the
gate node

13 Qs QS C Intrinsic charge in the equivalent n—-MOST attributed to the
source node

14 Qg QB C Intrinsic charge in the equivalent n—-MOST attributed to the
bulk node

15 Qo QOVO C Extrinsic charge in the equivalent n-MOST attributed to the
gate-source overlap

16 Qo QOVL C Extrinsic charge in the equivalent n-MOST attributed to the
gate-drain overlap

17 Sy STH A%s Spectral density of the thermal-noise current of the channel

18 Sy SFL A%s Spectral density of the flicker-noise current of the channel

17 S SIG A%s Spectral density of the noise current induced in the gate

18  Sign SIGTH A%s Cross spectral density of the noise current induced in the

gate and the thermal—-noise current of the channel
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3.4 List of Reference & Scaling Parameters

In MOS Model 11, Level 1102, parameter binning has been facilitated by adding a second, separate
set of geometry scaling rules. Consequently, besides the physical geometrical scaling rules there is
also a set of binning geometrical scaling rules. The physical geometry scaling rules of Level 1102 (see
Sections 3.4.1 and 5.2.1) have been developed to give a good description over the whole geometry
range of CMOS technologies. For processes under development, however, it is sometimes useful
to have more flexible scaling relations. In this case one could opt for a binning strategy, where the
accuracy with geometry is mostly determined by the number of bins used. The physical scaling rules
of Level 1102 are not straightforwardly applicable to binning strategies, since they may result in
discontinuities in parameter values at the bin boundaries. Consequently, special binning geometrical
scaling relations have been developed (see Sections3.4.2 and 5.2.2), which guarantee continuity in
the model parameters at the bin boundaries.

It should be noted that using the source code of the Modelkit on the Philips” website (which can be
found at http://www.semconductors.philips.com/Philips. Models)

1. the physical geometry scaling rules can be selected by using Level 11020, while

2. the binning geometry scaling rules can be selected by using Level 11021.
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3.4.1 List of Reference & Scaling Parameters for Physical Geometrical Scaling

No.

© 00 ~N o O

11
12
13

14
15
16
17
18

19

20
21
22
23
24
25

26

34

Symbol

Alps

AL overlap
AWop
AWnarrow

Tr
Ves
ST:Ves
Kor
Stk
SL2:k
Sw:kg
1/kp
®BR

ST:(/JB

SL2¢B

SL2:¢>B
Sw: g
Bsq

1R

Osrr

Nsr

Program
Name
LEVEL
LVAR

LAP

WVAR

WOT

TR
VFB
STVFB
KOR
SLKO
SL2KO
SWKO
KPINV
PHIBR

STPHIB
SLPHIB
SL2PHIB
SWPHIB
BETSQ

ETABETR

SLETABET
FBET1

LP1

FBET2

LP2
THESRR

ETASR

Units

°C

VK1
V1/2

V—1/2

VK1

Description

Must be 11020

Difference between the actual and the programmed 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 programmed field-
oxide opening

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

Reference temperature

Flat-band voltage at the reference temperature
Coefficient of the temperature dependence of Vi
Body-effect factor for an infinite square transistor
Coefficient of the length dependence of ky

Second coefficient of the length dependence of k
Coefficient of the width dependence of k

Inverse of body-effect factor of the poly-silicon gate

Surface potential at the onset of strong inversion at the refer-
ence temperature

Coefficient of the temperature dependence of ¢g
Coefficient of the length dependence of ¢
Second coefficient of the length dependence of ¢g
Coefficient of the width dependence of ¢s

Gain factor for an infinite square transistor at the reference
temperature

Exponent of the temperature dependence of the gain factor of
an infinite square transistor

Coefficient of the length dependence of ngr

Relative mobility decrease due to first lateral profile
Characteristic length of first lateral profile

Relative mobility decrease due to second lateral profile
Characteristic length of second lateral profile

Coefficient of the mobility reduction due to surface roughness
scattering for an infinite square transistor at the reference tem-
perature

Exponent of the temperature dependence of &,
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27
28

29
30
31

32
33
34

35
36

37
38
39

40

41

42
43
44
45
46

47
48
49
50
51
52

53
54
55
56

SW; Osr

Gth

Tlph
SW;Qph

’mobR

ST; Nmob

SW: TImob

Or2

GsatR

Tsat
SL; Osat
esatEXP
SW; Osat

O1hR

OThexp
SW§9Th
Odiblo
OdiblEXP
Moo

Mor

Moexp
OsfR
SL;‘Tsf

SW; Osf

SWTHESR
THEPHR

ETAPH
SWTHEPH
ETAMOBR

STETAMOB
SWETAMOB
NU

NUEXP
THERR

ETAR
SWTHER
THER1

THER2

THESATR

ETASAT
SLTHESAT
THESATEXP
SWTHESAT
THETHR

THETHEXP
SWTHETH
SDIBLO
SDIBLEXP
MOO

MOR

MOEXP
SSFR
SLSSF
SWSSF

MOS Model 11, Level 1102

Vfl

Vfl
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Coefficient of the width dependence of 6

Coefficient of the mobility reduction due to phonon scattering
for an infinite square transistor at the reference temperature

Exponent of the temperature dependence of gy,
Coefficient of the width dependence of 6,

Effective field parameter for dependence on deple-
tion/inversion charge for an infinite square transistor

Coefficient of the temperature dependence of ron
Coefficient of the width dependence of 7mop

Exponent of the field dependence of the mobility model at the
reference temperature

Exponent of the temperature dependence of parameter v

Coefficient of the series resistance per unit length for an in-
finitely wide transistor

Exponent of the temperature dependence of 6k
Coefficient of the width dependence of 6;

Numerator of the gate voltage dependent part of series resis-
tance

Denominator of the gate voltage dependent part of series re-
sistance

\elocity saturation parameter due to optical/acoustic phonon
scattering for an infinite square transistor at the reference tem-
perature

Exponent of the temperature dependence of G
Coefficient of the length dependence of 6y,
Exponent of the length dependence of 6
Coefficient of the width dependence of Oy

Coefficient of self-heating per unit length for an infinitely
wide transistor at the reference temperature

Exponent of the length dependence of 6ry,

Coefficient of the width dependence of 6,
Drain-induced barrier-lowering parameter per unit length
Exponent of the length dependence of oy,

Parameter for short-channel subthreshold slope

Parameter for short-channel subthreshold slope per unit
length

Exponent of the length dependence of mg

Static feedback parameter for an infinite square transistor
Coefficient of the length dependence of o

Coefficient of the width dependence of o
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57

58
59
60
61
62

63

64
65
66
67

68
69
70

71
72
73

74

75

76

77
78
79

80

81

82
83

84

36

aR

SL;ot
QEXP
SW;a
Vp

L min

alrR

ST; a,
SL; a
SW; a

R

SL; a
SW; a

asr

SL; as
SW; a3

leinvr
Binv
lsaccr

B acc

VFBov
kov

lcovr
AGIDLR

BeipL

ST; Bsiow

CGIDL

tOX

ALPR

SLALP
ALPEXP
SWALP
VP
LMIN

AlR

STAl

SLA1

SWA1L
AZR

SLA2
SWA2
A3R

SLA3
SWA3
IGINVR

BINV

IGACCR

BACC

VFBOV
KOV
IGOVR

AGIDLR

BGIDL

STBGIDL
CGIDL

TOX

AV

AV~

\%

\%
V1/2
AV~

A\Va

\

VK1

MOS Model 11, Level 1102 Unclassified Report

Factor of the channel length modulation for an infinite square
transistor
Coefficient of the length dependence of «

Exponent of the length dependence of «
Coefficient of the width dependence of «
Characteristic voltage of the channel length modulation

Minimum effective channel length in technology, used for
calculation of smoothing factor m

Factor of the weak—avalanche current for an infinite square
transistor at the reference temperature

Coefficient of the temperature dependence of &
Coefficient of the length dependence of g
Coefficient of the width dependence of a

Exponent of the weak—avalanche current for an infinite square
transistor
Coefficient of the length dependence of &

Coefficient of the width dependence of &

Factor of the drain-source voltage above which weak—
avalanche occurs, an infinite square transistor

Coefficient of the length dependence of g

Coefficient of the width dependence of &

Gain factor for intrinsic gate tunnelling current in inversion
for a channel area of 1 pm?

Probability factor for intrinsic gate tunnelling current in in-
version

Gain factor for intrinsic gate tunnelling current in accumula-
tion for a channel area of 1 um?

Probability factor for intrinsic gate tunnelling current in ac-
cumulation
Flat-band voltage for the source/drain overlap extensions

Body-effect factor for the source/drain overlap extensions

Gain factor for source/drain overlap gate tunnelling current
for a channel width of 1 m

Gain factor for gate-induced drain leakage current for a chan-
nel width of 1 um

Probability factor for gate-induced drain leakage current at
the reference temperature

Coefficient of the temperature dependence of Bsp.

Factor for the lateral field dependence of the gate-induced
drain leakage current

Thickness of the gate oxide layer
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85 Cq COL F Gate overlap capacitance for a channel width of 1 um

86 — GATENOISE Flag for in/exclusion of induced gate thermal noise

87 Nt NT J Coefficient of the thermal noise at the reference temperature
88  Nrar NFAR V~Im~* First coefficient of flicker noise for a channel area of 1 pn?
89  Nggr NFBR V~Im~2 Second coefficient of flicker noise for a channel area of 1 pn?
90  Ngcr NFCR V-1 Third coefficient of flicker noise for a channel area of 1 un?
91 L L m Drawn channel length in the lay-out of the actual transistor
92 W wW m Drawn channel width in the lay-out of the actual transistor
93 ATa DTA K Temperature offset of the device with respect to Tp

94  Nwur  MULT - Number of devices in parallel

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

The additional parameters for the model including self-heating (see Section4.2) are listed in the table
below.

No. Symbol Program Units  Description
Name
95 Rm RTH K/W Thermal resistance
96 Cm CTH JIK Thermal capacitance
97  Am ATH - Temperature coefficient of the thermal resistance
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3.4.2 List of Reference & Scaling Parameters for Binning Geometrical Scaling

Note that for each bin (Wmin, Wmax, Lmin, Lmax) there is a separate parameter set, which is valid for
(W, L) values with Wiin < W < Wpax and Liin < L < Lax-

No.

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25
26
27

38

Alps

A I—overlap

Symbol

AWop

AWnarrow

TR
Ves

Po: ko

Program
Name
LEVEL
LVAR

LAP

WVAR

WOT

TR
VFB

POKO
PLKO
PWKO
PLWKO
KPINV
POPHIB
PLPHIB
PWPHIB
PLWPHIB
POBET
PLBET
PWBET
PLWBET
POTHESR
PLTHESR
PWTHESR
PLWTHESR
POTHEPH

PLTHEPH
PWTHEPH
PLWTHEPH

Units

°C

V1/2
V1/2
V1/2
V12
v-1/2

V

\Y

\Y
AV—2
AV2
AV2
AV2
V-1
V-1
V-1
V-1
V-1
V-1
V-1
V-1

Description

Must be 11021

Difference between the actual and the programmed 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 programmed field—
oxide opening

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

Reference temperature

Flat-band voltage for the all transistors in the bin at the refer-
ence temperature

Coefficient for the geometry independent part of k
Coefficient for the length dependence of ky

Coefficient for the width dependence of ky

Coefficient for the length times width dependence of k
Inverse of body-effect factor of the poly-silicon gate
Coefficient for the geometry independent part of ¢g
Coefficient for the length dependence of ¢g

Coefficient for the width dependence of ¢g

Coefficient for the length times width dependence of ¢g
Coefficient for the geometry independent part of 3
Coefficient for the length dependence of

Coefficient for the width dependence of

Coefficient for the width over length dependence of 8
Coefficient for the geometry independent part of &,
Coefficient for the length dependence of &

Coefficient for the width dependence of 6,

Coefficient for the length times width dependence of &
Coefficient for the geometry independent part of g,

Coefficient for the length dependence of 6,
Coefficient for the width dependence of 6

Coefficient for the length times width dependence of g,
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28  Poy,,, POETAMOB Coefficient for the geometry independent part of rmop

29 Py, PLETAMOB - Coefficient for the length dependence of 7mop

30 Pwy,,, PWETAMOB - Coefficient for the width dependence of 7mep

31 Puwiyg,, PLWETAMOB - Coefficient for the length times width dependence of 7o
32 Po.eg POTHER V1 Coefficient for the geometry independent part of &

33 PLeg PLTHER vt Coefficient for the length dependence of &

34 Pw.eg PWTHER v-1 Coefficient for the width dependence of 6,
35  Pweg PLWTHER v-1 Coefficient for the length times width dependence of &

36  Or1 THER1 \ Numerator of the gate voltage dependent part of series resis-
tance for all the transistors in the bin

37 bro THER?2 \ Denominator of the gate voltage dependent part of series re-
sistance for all transistors in the bin

38  Po.ggy POTHESAT V-1 Coefficient for the geometry independent part of Q4

39 PLiogy PLTHESAT V-1 Coefficient for the length dependence of Ay

40 Pw;ggy PWTHESAT V! Coefficient for the width dependence of 6y

41  Puweg PLWTHESAT V! Coefficient for the length times width dependence of G
42 Poop, POTHETH V3 Coefficient for the geometry independent part of 6y,

43 PrLop, PLTHETH v Coefficient for the length dependence of 6,

44 Pwsgr, PWTHETH V3 Coefficient for the width dependence of 6y

45  Puw.pr, PLWTHETH v Coefficient for the length times width dependence of 6r,
46 Pooy, ~ POSDIBL Vs Coefficient for the geometry independent part of agip|
47 PlLog, PLSDIBL Vs Coefficient for the length dependence of oyip

48 Pw.og, PWSDIBL V12 Coefficient for the width dependence of agip
49 Piw.egy, PLWSDIBL V™12 Coefficient for the length times width dependence of aipi

50  Po.m, POMO - Coefficient for the geometry independent part of mg

51  Pr.m, PLMO - Coefficient for the length dependence of mg

52 Pw.m, PWMO - Coefficient for the width dependence of mg

53  Pow:m, PLWMO - Coefficient for the length times width dependence of mg
54 Pog POSSF Vs Coefficient for the geometry independent part of o

55  PLog PLSSF Vs Coefficient for the length dependence of ot

56 Pw.og PWSSF V12 Coefficient for the width dependence of o

57 Puw.oq PLWSSF v-1/2 Coefficient for the length times width dependence of o
58 Py POALP - Coefficient for the geometry independent part of «

5  PLg PLALP - Coefficient for the length dependence of «

60 Pw. PWALP - Coefficient for the width dependence of «

61 PLw. PLWALP - Coefficient for the length times width dependence of «
62 Vp VP \Y Characteristic voltage of the channel length modulation
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63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
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PO; m

PL; m
Pw:m
PLw;m
PO;a1
PL;a1
P\N;al
PLw:a,
PO;az
PL;az
Pw;a,
PLw:a,
PO;a3
PL;a3
Pw:a;
PLw:a;
PO; leinv
PL; leinv
PW: leinv
PLw: leinvy
Po; Binv
PL; Binv
PW: Binv
I:>LW; Binv
PO; leacc
PL; leacc
PW; leacc
I:>LW; lcacc
Po: Bace
PL: Bacc
PW: Bace
PLW: Bace
VEBov
Kov

Po, lcov

PL; lcov

POMEXP
PLMEXP
PWMEXP
PLWMEXP
POA1
PLAl
PWAL
PLWA1
POAZ2
PLA2
PWA2
PLWA2
POA3
PLA3
PWA3
PLWA3
POIGINV
PLIGINV
PWIGINV
PLWIGINV
POBINV
PLBINV
PWBINV
PLWBINV
POIGACC
PLIGACC
PWIGACC
PLWIGACC
POBACC
PLBACC
PWBACC
PLWBACC
VFBOV
KOV
POIGOV
PLIGOV

MOS Model 11, Level 1102 Unclassified Report
Coefficient for the geometry independent part of 1/m
Coefficient for the length dependence of 1/m

Coefficient for the width dependence of 1/m

Coefficient for the length times width dependence of 1/m
Coefficient for the geometry independent part of g
Coefficient for the length dependence of a

Coefficient for the width dependence of &

Coefficient for the length times width dependence of a
Coefficient for the geometry independent part of g
Coefficient for the length dependence of &

Coefficient for the width dependence of &

Coefficient for the length times width dependence of &
Coefficient for the geometry independent part of &
Coefficient for the length dependence of &

Coefficient for the width dependence of &

Coefficient for the length times width dependence of &
Coefficient for the geometry independent part of kinv
Coefficient for the length dependence of kny
Coefficient for the width dependence of kgnv

Coefficient for the length times width dependence of kinv
Coefficient for the geometry independent part of B,
Coefficient for the length dependence of B,y

Coefficient for the width dependence of By

Coefficient for the length times width dependence of Bny,
Coefficient for the geometry independent part of kacc
Coefficient for the length dependence of kacc
Coefficient for the width dependence of ksacc
Coefficient for the length times width dependence of kacc
Coefficient for the geometry independent part of B¢
Coefficient for the length dependence of By

Coefficient for the width dependence of By

Coefficient for the length times width dependence of By
Flat-band voltage for the source/drain overlap extensions
Body-effect factor for the source/drain overlap extensions
Coefficient for the geometry independent part of kov
Coefficient for the length dependence of kov
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99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

PW: leov
PLw, lcov
PO;AG|D|_
PL;AG|D|_
PW:AelDL
IDLW; Acio
PO; Baiou
PL; Baiou
PW; Baiou
I:)LW; Baiou
PO; CeinL
PL: CaioL
PW; CoioL
I:)LW; CaioL
tox

Po:cox
F)L;Cox
I:)W:Cox
PLw;cox
Po, Cepo
PL;CGDo
PW;CGDo
PLw; Cepo
Po, Ceso
PL;CGso
PW:CGso

I:)LW; Caso

Nt

PO:, NFa
PL: Nea
PW; Nra
IDLW; NFa
PO; Nes

PL: Nes

PW; Nes

PWIGOV
PLWIGOV
POAGIDL
PLAGIDL
PWAGIDL
PLWAGIDL
POBGIDL
PLBGIDL
PWBGIDL
PLWBGIDL
POCGIDL
PLCGIDL
PWCGIDL
PLWCGIDL
TOX
POCOX
PLCOX
PWCOX
PLWCOX
POCGDO
PLCGDO
PWCGDO
PLWCGDO
POCGSO
PLCGSO
PWCGSO
PLWCGSO
GATENOISE
NT

PONFA
PLNFA
PWNFA
PLWNFA
PONFB
PLNFB
PWNFB

MOS Model 11, Level 1102

AV~2
AV~2
AV-3
AV3
A\Va
Vo

Vv

\Y

V

Vv

m

F

F

F

F

F

F

F

F

F

F

F

F

J
Vim=
Vim
Vim
V~im~
V-Iim=2
V-im=2
V-Iim=2
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Coefficient for the width dependence of ksov

Coefficient for the width over length dependence of kov
Coefficient for the geometry independent part of AgipL
Coefficient for the length dependence of AgipL
Coefficient for the width dependence of AgipL

Coefficient for the width over length dependence of AgipL
Coefficient for the geometry independent part of Bsjpp
Coefficient for the length dependence of BgipL
Coefficient for the width dependence of Bgp.

Coefficient for the length times width dependence of Bsip.
Coefficient for the geometry independent part of CsipL
Coefficient for the length dependence of CsipL
Coefficient for the width dependence of G oL

Coefficient for the length times width dependence of Csip
Thickness of the gate oxide layer

Coefficient for the geometry independent part of Gox
Coefficient for the length dependence of Cox

Coefficient for the width dependence of Cox

Coefficient for the length times width dependence of Gox
Coefficient for the geometry independent part of Cspo
Coefficient for the length dependence of Cspo
Coefficient for the width dependence of Cspo

Coefficient for the width over length dependence of Cspo
Coefficient for the geometry independent part of Csso
Coefficient for the length dependence of Csso

Coefficient for the width dependence of Cgso

Coefficient for the width over length dependence of Gsso
Flag for in/exclusion of induced gate thermal noise
Coefficient of the thermal noise at the reference temperature
Coefficient for the geometry independent part of Nea
Coefficient for the length dependence of Nea

Coefficient for the width dependence of Nea

Coefficient for the length times width dependence of Nea
Coefficient for the geometry independent part of Neg
Coefficient for the length dependence of Neg

Coefficient for the width dependence of Neg
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135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

165
166
167
168
169

42

Puwing PLWNFB
Pone  PONFC
PLne  PLNFC
Pwine  PWNFC
Piwinee PLWNFC
Potveg POTVFB
Pty PLTVFB
Pw.T.ves PWTVFB
Puw.T.veg PLWTVFB
PoTgg POTPHIB
P.gs PLTPHIB
Pw..ss PWTPHIB
PiwT.gg PLWTPHIB
Pot,,  POTETABET
Pir,, PLTETABET
Pw.T.,, PWTETABET
Puw.T., PLWTETABET
Po.e  POTETASR
PLT.y PLTETASR
Pw:y PWTETASR
Pow:Tiny PLWETASR
PoTy, POTETAPH
PLTiyy, PLTETAPH
Pw:Tpy, PWTETAPH
Puw:Tong, PLWETAPH
PoTiney, POTETAMOB
PLT.myy PLTETAMOB
PW.Tnmgy PWTETAMOB

VIm—2

VK1
VK1

Kfl
K—l
K—l

PLW:T.nygs PLWTETAMOBK

v NU

PoTivexy  POTNUEXP
PLTve PLTNUEXP
PW.Tvexp PWTNUEXP
PLW;T:vexp PLWTNUEXP
Potsg  POTETAR

MOS Model 11, Level 1102 Unclassified Report

Coefficient for the length times width dependence of Neg
Coefficient for the geometry independent part of Nec
Coefficient for the length dependence of Nec

Coefficient for the width dependence of Nec

Coefficient for the length times width dependence of N-c
Coefficient for the geometry independent part of Sr.v g
Coefficient for the length dependence of Sr.vg
Coefficient for the width dependence of Sr.v.5

Coefficient for the length times width dependence of Sr.v g
Coefficient for the geometry independent part of Sr. 45
Coefficient for the length dependence of St

Coefficient for the width dependence of S 4,

Coefficient for the length times width dependence of Sr. 4
Coefficient for the geometry independent part of 1
Coefficient for the length dependence of 7

Coefficient for the width dependence of 7

Coefficient for the length times width dependence of 7
Coefficient for the geometry independent part of g
Coefficient for the length dependence of r

Coefficient for the width dependence of ng

Coefficient for the length times width dependence of 1y,
Coefficient for the geometry independent part of 7,
Coefficient for the length dependence of

Coefficient for the width dependence of npn

Coefficient for the length times width dependence of
Coefficient for the geometry independent part of S,
Coefficient for the length dependence of St
Coefficient for the width dependence of St.,, mab
Coefficient for the length times width dependence of S,

Exponent of the field dependence of the mobility model at the
reference temperature

Coefficient for the geometry independent part of veyp
Coefficient for the length dependence of vexp

Coefficient for the width dependence of vexp

Coefficient for the length times width dependence of ey

Coefficient for the geometry independent part of g
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170 P, PLTETAR
171 Pw.T.,, PWTETAR - Coefficient for the width dependence of ng
172 Piw.T;,r  PLWTETAR
173 Pyt POTETASAT
174 PL7., PLTETASAT
175 Pw.Tee PWTETASAT

Coefficient for the length dependence of g

Coefficient for the length times width dependence of g

Coefficient for the geometry independent part of ngt

Coefficient for the length dependence of ns,t

Coefficient for the width dependence of ngy

176 Pow;T.g PLWTETASAT - Coefficient for the length times width dependence of
177 Po.1ia, POTAl K1 Coefficient for the geometry independent part of Sr.a,
178 PrLta,  PLTAL K1 Coefficient for the length dependence of Sr.,,

179 Pw.1a, PWTAL K1 Coefficient for the width dependence of Sr.,

180 Piw.ta; PLWTAL K-t Coefficient for the length times width dependence of Sr.,,

181 PyT.pgp POTBGIDL VK™ Coefficient for the geometry independent part of Sr.g,,,
182 Pr.1.Bgp. PLTBGIDL VK~1  Coefficient for the length dependence of Sr.p.,

183 Pw.T.Begp. PWTBGIDL VK™ Coefficient for the width dependence of Sr.g;,,

184  Pow.T.Bgp PLWTBGIDL VK™! Coefficient for the length times width dependence of Sr.g,,

185 L L m Drawn channel length in the lay-out of the actual transistor
186 W wW m Drawn channel width in the lay-out of the actual transistor
187 ATa DTA K Temperature offset of the device with respect to Ta

188 NmuLt MULT - Number of devices in parallel

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

The additional parameters for the model including self-heating (see Section4.2) are listed in the table
below.

No. Symbol Program Units  Description
Name
189 R RTH K/W Thermal resistance
190 Cm CTH JIK Thermal capacitance
191 A ATH - Temperature coefficient of the thermal resistance
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4 Embedding

4.1 Embedding MOS Model 11 in a Circuit Simulator

In CMOS technologies both n— and p—channel MOS transistors are supported. It is convenient to
use one model for both type of transistors instead of two separate models. This is accomplished by
mapping a p—channel device with its bias conditions and parameter set onto an equivalent n—channel
device with appropriately changed bias conditions (i.e. currents, voltages and charges) and parame-
ters. In this way both type of transistors can be treated as an n—channel transistor. Nevertheless, the
electrical behaviour of electrons and holes is not exactly the same (e.g. the mobility and tunnelling
behaviour), and consequently slightly different equations have to be used in case of n— or p-type
transistors, see Section 2.3.

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 traditionally possible to address, say, the drain
of MOST 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 \bs, Vgs, and
Vsg based on an a priori assignment of source, drain and bulk that is independent of the actual bias
conditions. Since MOS Model 11 assumes saturation occurs at the drain side of the MOSFET, the
basic model cannot cope with bias conditions that correspond to \bs < 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. In MOS Model 11 care has been taken to preserve symmetry with respect
to drain and source at Vps = 0. In other words no non-singularities will occur in the higher-order
derivatives at Vps = 0.

In detail, in order to embed MOS Model 11 correctly into a circuit simulator, the following procedure,
illustrated in Fig. 4.1 should be followed. We have assumed that indeed the simulator provides the
nodal potentials V&, V&, V€ and V& based on an a priori assignment of drain, gate, source and bulk.

Step 1 Calculate the voltages V;S, v(;’s and V;’B, and the additional voltages V;G and VSG 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 \/|;S, V(;S and VS'B. From
here onwards only n—channel behaviour needs to be considered.

Step 3 Based on a positive or negative VE’,S, calculate the internal nodal voltages. At this level, the
voltages — and the parameters, see below — comply to all the requirements for input quantities
of MOS Model 11.

Step 4 Evaluate all the internal output quantities — channel current, weak—-avalanche current, gate
current, nodal charges, and noise—power spectral densities — using the standard MOS Model 11
equations and the internal voltages.

Step 5 Correct the internal output quantities for a possible source—drain interchange. 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 quan-
tities. 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.

©K0ninklijke Philips Electronics N.V. 2004 45



NL-TN 2004/00085— April 2005

MOS Model 11, Level 1102 Unclassified Report

yes bs =0 no
Vbs = DS Vbs = _VDS
Vs VGS Vs = VGS - VDS
Vsg = Vgg Vsg = Vsg + Vs
Y

Ipbs = Ips (Vps,VGs, VsB)
Inve = lavL (Vbs,VGs, Vsg)
Ies = Igs (Vbs, Vs, Vsp)
Iep = lep (Vbs,Ves, Vsp)
Ice = Ice (Vbs, Vs, Vsp)
lcist = leis (Vbs , Vs, VsB)
lcioL = leipL (Vbs, Ves, Vse)

Qb = Qp (Vbs,Ves, Vsp)
Qs = Qs (Vps,Ves, Vsp)
Qs = Qs (Vbs, Vs, Vsp)
Qg =—(Op+ Qs+ Qp)

Sth = Sth (Vbs, Vs, Vsp)
St = Sn (Vps, Ves, Vse)
Sig = Sig (Vbs, Vs, Vsg)

Sigth = Sigth (Vbs» Vs, Vse)

46
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yes no

I;S = Ips Q|::> =0p II;S = —Ips QIZ:) = Os

’.;B = lavL + leioL Q(,s =06 I,;B = lgisL Q(’; = Qc

’éB = laisL Qs =0s IéB =lav + loo. @5 = @b

los = los QE:‘ =G Is = lop QE:‘ = s

lep = lop Qovy = Ceso - Vo, lep = las Qovy = Coso - Vou,

’(;B =l Qc:vL = Cepo - Vou, l(;B = IgB Q‘;VL = Copo - Vov,

Sp = St + Si Sp = Sin+ St + Sig + 2Re {Sgun)

S = Sig Se = Sqg

Sq = Sin + St + S + 2Re { S} Se = St + Sn

SI;G = Si;th SIZ’)G = —Sig — Si:;th

SC’ES = —Sig — Sigth S(;g = Sigth

S;D = —Sigth — Sth — St S;D = —Si;th — Sth — S

| I
n—channel Channel p—channel

Ins = Ips QD = QE} S =Sp Ihs = —lpg QD = —QE} So =5,
Ins = Ipg Qs = Qg Su = S o= —hs  Q=-Q  s.—s.
I,S’B = I;B Qs = Qs S; = S; ’;B Qs = —0s S; = S;
los = ls Qé: = Qs , Soe = Soc ~Igs Qé =0 ) Soe = Soc
lep = lop Qoip = Qovy  Sus = Ses =1y Qop=-CQoy  Sps=Sus
los = los Qo = Qo Sep = Sep — Iy Qe =—Ou  Sev=Se
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B
. S6="5o
18 = s+ o — log Q5 = Qo — Qoy, e = 5.
1€ = Ing + lop + lg Q% = Qg + Qoyy + Qoy, €= 5o
I§ = _’|:3:s + I%B - ’(:315 Qs = Q; - Qc,,’vo Sge = SI:Z;G
I§ = ~Ipg — lsg — las Q€ =0, Sas = Scs
SgD = Ssp

Y

e & & 4 e e e e e e e e e e
ID IG IS IB QD QG QS QB SD SG SS SDG SGS SSD

Figure 4.1: Transformation scheme

It is customary to have separate user models in the circuit simulators for n —and p — channel transis-
tors. In that manner it is easy to use a different set of reference and scaling 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.
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4.2 Self-Heating

For self-heating, an extra network is introduced, see Fig.4.2. It contains the temperature-dependent
self-heating resistance Ry, and capacitance Cyy,, both connected between ground and the temperature
note dT. The value of the nodal voltage Vyr at the temperature node gives the increase in local
temperature, which is included in the calculation of the temperature scaling relations @.3) and (5.84),
see Sections 2.2 and 5.3. The power dissipation is given by:

Poss = 15 - VE+ 18- VE+ IS - VE+ 15 - V§ (4.1)

7 7 i2] 7 7 7 7

= Ips - Vps + IDB'(VDS_VS> + Isg - Vg + lgs - Vs

12

+ I("J,D : (Vgs - VDS) + I(":,B : <Vgs - V.:B>

where all variables are given in Fig. 4.1. Note that only the steady-state currents contribute to the
dissipated power.

Figure 4.2: The self-heating network, where the node voltage V4t is used in the
temperature scaling relations. The thermal resistance Ry, is tempera-
ture dependent. Note that for increased flexibility the note d T should
be available to the user.
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5 Preprocessing and Clipping

In this Chapter the geometry and temperature scaling rules for the model parameters will be given.
The temperature scaling rules have already been given in Section2.2, but they are repeated here for
the sake of completeness.

5.1 Calculation of Transistor Geometry

WE = W_ AW: W+ AWOD - 2 . AWnarrOW (5.2)

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

L+ Al_ps
gate
R RN - CI’OSS SeCUOn
source 1) \' drain
1 I
I |
Al—overldp ! LE : ALoverIap
> e
1 I
1 1 Y
T —_ — = _‘:AWnarrow
W+ AWop source drain WEe Top view
| - = = 4 - - - — _] - - — X
Y “AWnarrow

Figure 5.1: Specification of the dimensions of a MOS transistor

5.2 Calculation of Geometry-Dependent Parameters

In MOS Model 11, Level 1102, parameter binning has been facilitated by adding a second, separate
set of geometry scaling rules. Consequently, besides the physical geometrical scaling rules there is
also a set of binning geometrical scaling rules. The physical geometry scaling rules of Level 1102 (see
Sections 3.4.1 and 5.2.1) have been developed to give a good description over the whole geometry
range of CMOS technologies. For processes under development, however, it is sometimes useful
to have more flexible scaling relations. In this case one could opt for a binning strategy, where the
accuracy with geometry is mostly determined by the number of bins used. The physical scaling rules
of Level 1102 are not straightforwardly applicable to binning strategies, since they may result in
discontinuities in parameter values at the bin boundaries. Consequently, special binning geometrical
scaling relations have been developed (see Sections3.4.2 and 5.2.2), which guarantee continuity in
the model parameters at the bin boundaries.
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It should be noted that using the source code of the Modelkit on the Philips” website (which can be
found at http://www.semconductors.philips.com/Philips. Models)

1. the physical geometry scaling rules can be selected by using Level 11020, while

2. the binning geometry scaling rules can be selected by using Level 11021.

Three types of binning geometrical scaling rules can be distinguished:

1. typel
LEN WEN I—EN'V\/EN
P(We, Lg) = Pp+ —N . p 4 ~N g 4 ZENTTEN 5.3
(WE, Lg) o + L |_+WE w + L. We Lw (5.3)
2. type ll
Le Weg Le - W
PWg, Le) =Po+ —= P 4+ —F .Py+—-"E .p 5.4
(We, Lg) o+LEN L+WEN W+|—EN'WEN Lw (5.4)
3. type Il
L W W
P(We, Le) = Po+ — - P+ - Py + — - Pw (5.5)
Le Wen Le

In these equations Lgy and Wgy are constants (see Sect.5.2.2). In Table 5.1 a survey of the parameters
scaling is given.

When using the above binning rules, the scaling parameters for one bin can be directly calculated
from the minisets of the four corner devices of the bin. The binning scheme ensures that the minisets
are exactly reproduced in the bin corners, and that no humps occur in parameter values across bin
borders. The exact way to calculate binning parameters from minisets is described in AppendixB.
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Table 5.1: Survey of parameters scaling. In the third column is indicated if if there
is a physical geometrical scaling rule for the parameter; in the fourth
column the type of binning geometrical scaling rule for the parameter is

indicated.

# | parameter | physical | binning || # parameter physical | binning
scaling scaling

0 LEVEL no no 29 Vp no no
1 TR no no 30 m yes type |
2 Veg no no 31 a yes type |
3 ST.Ves no type | || 32 St.a no type |
4 Ko yes typel || 33 & yes type |
5 1/kp no no 34 as yes type |
6 o8 yes typel || 35 leinv yes type 1l
7 St.¢8 no type | 36 Binv no type |
8 B yes type I || 37 Isacc yes type 1l
9 ng yes typel || 38 Bacc no type |
10 Osy yes type | 39 VeBov no no
11 Nsr no typel || 40 Kov no no
12 BOoh yes type |l || 41 lcov yes type 11
13 Nph no type | || 42 AcipL yes type 111
14 Nmob yes type | || 43 BsipL yes type |
15 ST iob no type | || 44 St.BaioL yes type |
16 v no no 45 CaipL yes type |
17 VEXP no type | || 46 Cox yes type 11
18 Or yes type | || 47 Cspo yes type 11
19 nR no type | || 48 Ceso yes type 111
20 Or1 no no 49 | GATENOISE no no
21 Oro no no 50 N+t no no
22 Osat yes typel || 51 Nea yes type |
23 Nsat no type | 52 Neg yes type |
24 O7h yes type | || 53 Nec yes type |
25 Odibl yes type | 54 fox no no
26 mg yes typel || 55 ATa no no
27 Ot yes type | 56 NvuLt no no
28 o yes type |
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5.2.1 Calculation of Geometry-Dependent Parameters using the Physical Scaling Rules

Ley = 1076 (5.6)

Wen = 10°° (5.7)

Calculation of Threshold-Voltage Parameters

Len Len '\’ Wen

ky = kpp-|1+—-5. = IS . S, _

0 R |: + L SL,kO+(LE> SL2,kO:| [ + We SW,ko] (5.8)
L Len\2 W

dg = der- |14+ - Sigpt [~ ) - Siogs | |1+ — - Swig (5.9)
Le Le We

Calculation of Mobility/Series-Resistance Parameters

Lp 1 Le Lp> Le
G = 14 fz; - —-|1— - fgo-—=-|1— - 5.10
mE  lpa Le [ exp( ’—P,lﬂ s Le [ exp( ’-P,z)] (.10)

ﬂSC] WE
— . — 5.11
g Gpe Le (5.11)
W,
Oy = esrR-|:1+ﬁ'Sw;gsr:| (5.12)
E
Wen
Oph = 9th-[1+—WE -Sw;aph] (5.13)
W,
NMmoh = anbR'[l'i_#'SW;ﬂmob] (5-14)
E
WEN LEN 1
b = 6rr-|1 - Sw- —_— 5.15
R RR |: + We W,eR] Lc Gre ( )
W L OsatEXP
Ot = Osar |1+ —  Swige | - | 1+ Stion - § [ == 1 (5.16)
We Le
Calculation of Conductance Parameters
WEN I—EN OThEXP
) = Omr- |1 - Sw- | — 5.17
Th ThR [ + e Sw,eTh} |:LE] (5.17)
WEN I—EN
ot = o [1+ o -sw;gsfHHL—E-sm] (5.8)
W L QEXP
- aR-[1+ EN.sW.a].[lJrsL.a.{(ﬂ) —1H (5.19)
We ’ ’ Le
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Calculation of Sub-Threshold Parameters

L gy | “bex®
Odibl = Odiblo - (L—E) (5.20)
LEN Moexp
Mg = Mgy + MpR * (L—> (521)
E

Calculation of Smoothing Parameters
Lmax = 10-107° (5.22)

m = 8- (Lmax - I—min) (5.23)

Lmax — 4 - Limin +3- 7LmafELmi”

Calculation of Weak-Avalanche Parameters

a = agR- _1 + LL—EEN . SL;al_ . _1 + WWEEN . SW;al_ (5.24)

& = anp- —1 + LL—EEN . SL;az: . :1 + WWEEN . SW;az: (5.25)

a3 = amR- :1+ LL—EEN : sL;a{ : :1+ WWEEN : sw;a{ (5.26)
Calculation of Gate Current Parameters

leiny = ﬁ - leinvr (5.27)

leace = ﬁ - leaccr (5.28)

lcov = WLEEN - lsovr (5.29)

Calculation of Gate-Induced Drain Leakage Parameters

We
AGI DL = W, . AGIDLR (530)
EN

Calculation of Charge Parameters

We - L
Cox = €ox-— (5.31)
fox

We
C = —.C 5.32
GDO WEN ol ( )

We
C - —~=.C 5.33
GSO WEN ol ( )

©K0ninklijke Philips Electronics N.V. 2004 55



NL-TN 2004/00085— April 2005

Calculation of Noise Parameters

Wen - Len
Nenh = ————— N
FA We - Le FAR
Wen - Len
N = —— — N
FB WE ] I—E FBR
Wen - Len
N = —— —.N,
FC We - Le FCR

MOS Model 11, Level 1102 Unclassified Report

(5.34)

(5.35)

(5.36)

Calculation of Mobility/Series—Resistance Temperature-Scaling Coefficients

I—EN

ng = TMNpR + SL;nﬁ : L_E

56

(5.37)
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5.2.2 Calculation of Geometry-Dependent Parameters using the Binning Scaling Rules

Note that for each bin (Wmin, Wmax, Lmin, Lmax) there is a separate parameter set, which is valid for
(W, L) values with Wiin < W < Wpax and Liin < L < Lax-

Len = 1078 (5.38)

Wey = 10°° (5.39)

Calculation of Threshold-Voltage Parameters

ke = Pox, + LL—EE'\I “PLi, + WWEEN - Pw:k, + % - Prw:kg (5.40)
¢ = Pogs+ LL—E: - PLgg + WWEI:I - Pw.gg + % - Pow: gg (5.41)
Calculation of Mobility/Series-Resistance Parameters
B = Pop+ LL—EEN “PLg+ WLEEN - Pw.p + ‘Q/—EE - Pow;g (5.42)
Os = Pog, + LL—? - PLg, + WWE; - Pw.g, % - Prw; oy (5.43)
Opn = Pog, + LL—EEN - PLigy, + WEEN - Pw; gy, + % - Pow: g (5.44)
Mmob = Poinmes T LL—E: “Plingos T WWE; * PW:as + % * PLw: non (5.45)
r = Pogg + LL—EEI\‘ “PlLgg + WWEEN - Pw.og + % - PLw;og (5.46)
Osat = Poo + LL—EEN PLiog + WWEEN - Pw;gg + % - PLw; 6y (5.47)
Calculation of Conductance Parameters
O = Poor + LL—E; - PLogr, + WWE; - Pwor, + % - PLw; o, (5.48)
ost = Pogy+ LL—EEN - PLigg + WWEEN - Pw.oy + % - Pow:og (5.49)
a = Po,+ LL—EI:I -PLo + WWEI:I - Pw.o + % - Pow:o (5.50)
Calculation of Sub-Threshold Parameters
odibl = Pooyy + LL—EI:I - PLiogy WWE; * Pw:ogin + 7LE\E‘ wEN * PLw: o (5.51)
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I—EN WEN LEN ' WEN
Mo = Pom,+ L—E - PLmg + WE - Pw:my + W - Pow:mg
Calculation of Smoothing Parameters
1 Len Wen Len - Wen
- = P, — . PL. — . Pw- ——— P
m 0;m + I—E L;m + WE W;m + I—E ] WE LW;m
Calculation of Weak—Avalanche Parameters
I—EN WEN LEN ' WEN
a = Poa + L—E - PLa, WE - Pw.a, + W - Pow:a,
I—EN WEN I—EN . WEN
a = Poa + I—_E PL.a, + WE - Pw.a, + W - Pow:a,
Len Wen Len - Wen
a = Py — P — . Pw- — P
3 0;a3 + LE L;a3 + WE W; a3 + LE ) WE LW;a3
Calculation of Gate Current Parameters
Le We Le - We
| = P — - PL. — - Py —— P
GINV 0: lginv + Len L:lginv + Wen W:lginv + Len - Wen LW;lGinv
I—EN WEN LEN ' WEN
B = Py — . P g —— . Pw.r. — . P wr
inv 0:Bjny T L LB + We | WiBi + Le We @ Wi
Le We Le - We
leacc = PO;'GAcc + I—_EN : PL:IGACC + W_EN : PW:'GACC + m : PLW;'GACC
LEN WEN LEN ' WEN
B = P, — - P — - Py ——— - P
ace 0:Bacc T g LB + We | WiBo + Lo W & WiBwo
Len We E
loov = Poitsoy + 7=+ Puiteov + 772 - Pwiteoy + = - Piwiteoy
Calculation of Gate-Induced Drain Leakage Parameters
Len WEe We
AcipL = PO;AelDL + L— : PL:AG|DL + W— : 'DW:AG|DL + L— : PLW;AelDL
E EN E
I—EN WEN I—EN . WEN
BeoioL = Pogp. + T PLBoio. T We Pw:Bgio. + W PLw:Beiow
Len Wen Len - Wen
CopL = 'DO:CG|DL + I——E “Plicep T WE ’ 'DW:CG|DL + W ’ PLW;CGlDL
Calculation of Charge Parameters
C Poco. + 5 Prco + & Bpco, + e p
oX = 0;C T " rLc T, TW;C T ., ~FLw.C
1 0)4 LEN OX WEN OX LEN . WEN OX

(5.52)

(5.53)

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)
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LEN WE WE
Copo = PO;CGDO + - ‘DL;CGDO + : PW;CGDO +— PLW;CGDO
Le Wen Le
Ceso = Poc +LENPC F—  Pw:Ceso + —— - PLwic
- ; - 'L T2, W, -5 LW,
s ©“GSO LE GSO WEN GSO LE GSO
Calculation of Noise Parameters
Len Wen Len - Wen
Nea = Pone, + . PLiNea + We Pw:Nea + LeWe PLw:Nea
Len Wen Len - Wen
Neg = Pones + T PLines + We Pw:Nes + owe PLw:Nes
Len Wen Len - Wen
Nec = Pone + T PLiNgc + We Pwinge + oW PLw:Nec

Calculation of Threshold-Voltage Temperature-Scaling Coefficients

I—EN WEN I—EN . WEN
Stvis = Pomves + T Pl ves + We Pw;T:ves + W PLw;T;ves
Len Wen Len - Wen
St. = Py — P — . Pw.T- — — P wT
T:¢s 0:T:¢s T+ Lo ' LTos + We | WiTies + Le We LW:T: ¢

Calculation of Mobility/Series—Resistance Temperature-Scaling Coefficients

ng = Potu,+ LL—E; Pl + WWE; PwiTins + % “Pow: T,
Nsr = Potyg + LL_EEN - PLiting + WWEEN - Pw:tg + % - Pow; g
Nph = PO:,T;nph + LL—E; ) PL:T;npn + WWEI:I ) PW;T;nph % ’ PLW;T;nph
STitms = PosTinmes + LL—IEI:l * PLiT iy + WWEEN * Pw: T % * PLW: T o
Vexp = PoTivee + LL—E: “PLTivee + WWEI:I “Pwi T, % Pl T veg
R = Pomne + LL—EI:I Pl + WWE; - Pw;Te + % - Pow:Ting
Mat = PoTing + LL—EE'\I Pl + WWEEN “Pwi T + %  PLw: Tonea
Calculation of Weak—Avalanche Temperature-Scaling Coefficients
Sta, = PoTia + LL—EEN PLiTa + WWEEN Pw. 1.2, % - PLw:Tay
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(5.66)

(5.67)

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

(5.74)

(5.75)

(5.76)

(5.77)

(5.78)

(5.79)

(5.80)
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Calculation of Gate-Induced Drain Leakage Temperature-Scaling Coefficients

I—EN WE

I—EN . WEN
-5 'DL;T;BelDL + T WS
Le

Le - We ’ PLW;TQBGIDL (581)

N
: PW;T;BG|DL +

St = PotBeo. + YV
sBGIDL » 1iBaIbL WE
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5.3 Calculation of Temperature-Dependent Parameters

Calculation of Transistor Temperature

Note: Note the addition of the voltage Vgt of the thermal node in order to include self-heating, see
Section 4.2.

Tew = To+Tr (5.82)
Tamb = To+Ta+ATp (5.83)
Two = To+ Ta+ATa+ Vor (5.84)

Calculation of Threshold-Voltage Parameters

ks - T,
pr = ——D (5.85)
q
Vier = Ves+ (Tkp — Tkr) * STives (5.86)
#8r = ¢+ (Tkp — Tkr) - Stigg (5.87)

Calculation of Mobility/Series-Resistance Parameters

Tr \ "¢
g = /3<T_KR) (5.88)
KD
T Nsr
erT = 95r'<T—KR) (5.89)
KD
T Tlph
O, = eph.(ﬁ) (5.90)
KR
Mmobr = Tmob * |1+ (Tko — TKR) * STinmos ] (5.91)
vi = 14+ @—1-(Tkr/ Tko) (5.92)
T R
Oy = 9R‘<T—KR> (5.93)
KD
T Tsat
QsatT = Osat- <T—KR> (5.94)
KD

Calculation of Conductance Parameters

Ter \
O = - (T_KR) (5.95)
KD
Calculation of Weak-Avalanche Parameters
di; = ar- [1 + (TKD — TKR) . ST;al] (596)

©K0ninklijke Philips Electronics N.V. 2004 61



NL-TN 2004/00085— April 2005 MOS Model 11, Level 1102 Unclassified Report

Calculation of Gate-Induced Drain Leakage Parameters
Boio; = BaioL - [14 (Tko — Tkr) - St:Beod (5.97)

Calculation of Noise Parameters

T
Ny, = TLKE Ny (5.98)

Calculation of Thermal Resistance

Tamb ATh
Rty = Rrm- (5.99)
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5.4 Clipping

The clipping of parameters is discussed in Section 8.
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6 Implemented Model Equations

The electrical equations of MOS Model 11 to be implemented are essentially the basic equations
of Section 2. Since in circuit design equal parallel circuited transistors are frequently applied the
specification of one transistor together with a multiplication factor N,y.t in the circuit description is
convenient and saves computation time. The general and safe method to implement this mechanism
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 Nyuit. In MOS Model 11 it is
allowed to circumvent these multiplications for each model evaluation during circuit simulation by
adjusting some parameters. In this case the following rules apply:

B = B-Nwuur
leinv. = leinv - Nvucr
lcacc = loacc - Nvuor

lscov = Isov - NmuLt
AcioL = AcioL - NmuLt
Cox = Cox - NvuLt
Cepo = Copo - NmuLt
Ceso = Cgso - NmuLt
N
Now — FA
Nmuit
N
Neg — B
Nmuir
N
Nee — Fc
Nmuit
Rth
R = T
Nmuir
Crm = G- Nvur

Although the basic equations, given in Section 2, 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 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 definition of the hyp-function, which provides for a smooth C,,-continuous clipping, is to be
found in Appendix A.

6.1 Numerical Adaptations

The implemented electrical equations of MOS Model 11 are essentially based on the physical de-
scription given in Section 2. The following numerical adaptations have been made in order to obtain
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smooth transitions and prevent numerical problems, leading to the equations given in Section6.2:

66

The piece-wise egs. (2.19) for Vep, (2.22) for Dst, (2.27) for Vpsar,,, (2.31) for Vpsar
and (2.75) for Igg have been replaced by smooth C..-continuous functions based on hyp-
functions.

Expression (2.21) describing the drain-induced barrier lowering effect has no numerical solu-
tion for Vsg + ¢, < 0. In order to solve this problem the expression Vsg + ¢, is clipped at a
minimum value of 0.1 - ¢g, using eq. (6.2). At the drain side, eq. (6.16) is used. This equation
automatically maintains symmetry.

In the accumulation region (i.e., V&g < 0), the inversion-layer charge density is equal to zero
(i.e., Viny, = Viny, = 0), as a result the drain-source channel current Ips, the weak-avalanche
current Iy, the gate-to-channel current Igc, the total drain charge Qp and source charge Qs,
and the noise spectral densities Sy, S and Sig are all equal to zero. In this case, the model
equations can be simplified and only certain equations need to be calculated. The equations
that only need to be calculated in the inversion region (i.e., iz > 0) are indicated.

For very small positive values of y (i.e., ¥s < 10~° just above Vg = 0, the expression (2.40)
for Vj,, may become numerically inaccurate. In this case Vi, is very small and can be taken to
be equal to zero, see (6.37).

The theoretical channel length modulation expression @.52) can become negative for high
values of « and Vps. This corresponds to a negative effective channel length, which is not
physical. In order to prevent G, from becoming negative, a second-order Taylor polynomial
in AL/L is used in the actual implementation, see egs. (6.49) and (6.50).

The term in the square root of eq. (2.57) can become negative for very high values of parameter
Or,, Which would result in numerical errors. This has been prevented in the actual implemen-
tation (6.56) by using a hyp-smoothing function.

The derivative of the weak-avalanche expression .61) with respect to Vps may become nu-
merically unstable for Vps values just above & - Vpsar. This problem has been circumvented
by using (6.60), where A is a numerical constant defined in Section 3.2.1.

The exponent in the tunnelling probability Ry,, given by eq. (2.69), results in zero divided by
zero for Vo = 0. By simply rewriting the exponent, this problem can be circumvented as has
been done in eq. (6.82).

For very high gate bias values, which could occur during the iteration process of the circuit
simulator, the expression of effective oxide barrier s, given by eq. (2.77), can become zero
or negative resulting in numerical errors. In order to prevent this problem g, is clipped at a
minimum (arbitrary) value of 0.7 - xg,, using a hyp-smoothing function, see eq. 6.91).

Gate-induced drain (or source) leakage only occurs when the oxide voltage in the drain overlap
region is negative, in other words when the overlapped n*-drain region is depleted. For positive
oxide voltage, no GIDL occurs, because, as the overlapped region is in accumulation, the band
bending is minimal and as a result band-to-band tunnelling cannot occur. This is, however, not
automatically accomplished using (2.90). In order to take this effect into account empirically,
we replace Vo, in (2.89) by a smoothing function which is equal to V,, for negative values
of Vyy and equal to O for positive values, see (6.103).
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e Similar to the weak-avalanche epression (2.61), the derivatives of the gate-induced drain leak-
age expression (2.90) may become numerically unstable for Vio, very close to 0. This problem
has been circumvented in the same way as has been done for 6.60), see eq. (6.104)

e The expression of effective oxide capacitance 2.95) due to quantum-mechanical effects gives
erroneous results for Verr = 0 (i.e., V&g = 0). This can be prevented by replacing Vet /nmob

by \/(Veff / Nimob )2 + (20 - ¢7)?, where the value of 20 - ¢y is rather arbitrary but it nevertheless
ensures a smooth transition from accumulation to depletion/inversion.

e The thermal noise spectral density Sy given by eq. (2.110) can become negative for very high
values of parameter 6y, which is not physical. In order to prevent this, S is clipped to zero in
these cases, see eq. (6.124).
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6.2 Extended Equations

In the following sections a function is denoted by F{variable, ...}, where F denotes the function
name and the function variables are enclosed by braces {}. The definitions of the hyp-functions are
found in Appendix A.

6.2.1 Internal Parameters
€=1-1072
e =4-1072
e3=1-10"*
Po =1+ (ko /kp)’

Viimit =4 - ¢

Or. = = O - [14 —2
Rett — o "Rt ( +1/2+9R2)

Myr = (1 +Mmo) - ¢1

0Ys 1
OVee lvgg-ves, 1+ko /207
0Vsov 1
> IVes Vee=VrBov 1+ Kov /V 2¢1
QMy - (€ox /tox)”> for NMOS
QM =

QM - (eox /tox)”® for PMOS

2
QM, = £ - QM,
XBy for NMOS

XBinv =
XBp for PMOS

XBacc = XBN

6.2.2 Extended Current Equations

Veg.r = hyp; {Ves + Vsg — Ves,, €1} (6.1)

Vsg, = hyp; {Vsg + 0.9 - ¢g,, €1} + 0.1 - dg, (6.2)

2

\/PD - Vegys + Ko?/4 — ko/2

1zysato = PD

(6.3)
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Drain induced barrier lowering and Static Feedback:

Ddibl = odibl - v/ Vs,

Dst = 05t - \/hypl {Wsaty — Vg, €2}

Vps*
VDSeff = 372
(Viimit® + Vps?) /

AVg =/ Daibi® + Dsf - Vs

Effective Gate-Bulk Voltage:

Vég = Vos + Vsg + AV — Veg;

April 2005 — NL-TN 2004/00085

(6.4)

(6.5)

(6.6)

6.7)

(6.8)

Drain Saturation Voltage Egs. (6.9)-(6.13) are only calculated for V&g > 0:

2

VPo - Vg + ko?/4 — ko/2
Po

l//satl =

VDsATigny = Vsaty — Vsa

esat-l— fOI‘ NMOS
Teat =
¥ Y for PMOS
(1+95atT 2 “VDSAT|gng 2
(Tsat — ORegr) - VDSATiong
Asgpr =

NI

4445 - Asar

) (ﬁ + \/2 + 2 T - VDSAT|0n92) + OReqr -

VDSATi0ng

VDsATgor = VDSAT|Ong 11—

Tsat 79Reff

Viimit for:
VDSAT =
Vlimit + hypl {VDSATshort - Vlimit, 62} for:

Vbs
T
[1+ (Vbs/Vosar)®™]?"

Vps, =

Vpe, = Vps, + ¢8;
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2
- Asat

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

69



NL-TN 2004/00085— April 2005 MOS Model 11, Level 1102 Unclassified Report

Surface Potential:

The surface potential 5 is given by the following implicit relation:

F {Ws, ¢} = —Vox {¥s}? + ko? - d {¢s, ¢} = 0 (6.17)

where ¢ can be either Vsg, or Vpg,, and:

Vac{vs) = Vg — ¥s (6.18)

A %4—%-\/1—|-4/kp2-hypl{Vé‘c{ws},el} (6.19)
Vox {¥s} = V‘g‘;—%s} (6.20)
d (g5 ) = ¢s+¢T-[EXP(—£>—1] (6.21)

roren(-2) ool
Mgy Mgy Mgy
The surface potential is iteratively calculated using a second-order Newton Raphson procedure, where

the surface potential ;1 in the i 4+ 1™ iteration is given in terms of the surface potential v; in the i
iteration by:

Viss = Vi — il (6.22)
+1 — ] FI/ _ % ] FI ] Fi// /FI/ .
where:

Fi = F{¥i, ¢} = Vo lti}® +ko? - d {1, ¢} (6.23)

’ 8F S, ’ ’

Foo SRWs O v Ve ) ko2 - d (v 6 (6.24)
s lyemyy

" 82F S ’ " "

Fo= SRV VL = 2 Ve () - Vi ) + ko - d” (g ) (6.25)
aws Ys=1i

The first-order and second-order derivatives are given by:

ac { s} 1 4/kP2 8hyp1 {Vékc {Vs}, 61}

c{ys) = = : : (6.26)
s 4 2.cl{yg)—1 Ve
Y 2hyp, {Véctusha
Oy - Lol 2V “a (6.27)
YT ey 2-c{ys) —1 '
Vg = WVorlds) L Vou (sl () (6.28)

s C {vs}
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0*Vox (s} 2-C {ths} - Vg s} + Vox (s} - € {5)

_ 6.29
81#52 c {s} ( )
o, |

WS ¢T ¢ ws
1—exp (_E> + my, exp (— mm) : [G‘Xp (mm) - 1}
2 exp (—L exp (L2
0°d {ys. ¢} _ ( ¢’T) L9 M (6.31)

9 wSZ ér My My

The iterative loop is performed until |v;,1 — v < 1070 . ¢, at which point v is taken to be equal
to ¥ip1. As a zero-order starting value vy, the following approximation is used:

if V(_i:B > ¢t

if V(.i-:B < ¢T

2
Po- (Vg —¢T)+ko? /4—ko/2
1zﬁsat=<\/D(GB PTD) 0 0 ) +¢T

if Y <o Yo = Ysat

Vox = 2'[\/68 _¢]
1+/1+4/kp? [Vig—¢]

X = ko? - max (Vo* /ko?> — ¢ + ¢r. 1)
y = k02 + 2#)(*
if Yoot > ¢ Vit [Vea]
z=1+4/k? (V&g — )

(6.32)

2-m¢T»X»In<¢T_XW>

Yo=¢ +
x+m¢T~y+\/(x+m¢T~y)27m¢T2~(x/z7y2/2)~In( 2 )

¢T'k02

if Vig>0{ =0

X = Vgg® + ¢ - ko’

y =ko? +2- Vg
if Vég <0

2-¢71-X-In X
éT-X <¢T_k02>

Yo =—
X—¢T'y+\/(x—¢T'Y)2—¢T2'(X—y2/2)'|n( ; )

¢1ko?

When Vi = 0, the starting value v is equal to zero. No iterative solution is necessary, and s is
automatically taken to be equal to zero. Surface potentials at source and drain are now calculated
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from the following implicit relations:
F {WSOa VSBt} = 0

F {'S//SL’ VDBt} =0
Auxiliary Variables:

A‘/f = 'S/fSL - 'S/fSo

Jf WSL -; WSO
Inversion-Layer Charge (Qin = —€ox /tox - Vinv):

0 for: V&g —¥s <0
Vinv (s, ¢} =

ko-gr-exp(=9/Mar ) [P (s /Moy ) —vs/Mar 1] g \yx 0
VAB T+ Vs o1 [xp (—vsfor ) —1] - Veg — Vs >

Vinvo = Vi {Wso, VSBt}

Vinv._ — Vinv { lpSL ) VDB[ }
\7inv — Vinvo _+2_ Vinv|_
- Vox {Wso} + Vox {WSL}
Vox = 2

Vert = Viny + TImobr (Vox - \7inv)

Eox (Us) = —¢1 - Vo (1)

= . Eox {Wso}'f‘fox {WsL}
Eox = 5
Eox {Vs) + bt - [ALCC - 1] for: V(_i:B — s <0
s{‘ﬂs} = K
) o-[1—exp(—ys/ét)] CovE
EOX {Ws} + ¢T 2'\/1ﬂs+¢T'[eXp(*V/s/¢T)*l] for VGB ws > 0
s E U HE Y]
5= 2

vi:v = Vin+ @ +mp)-&

(6.33)

(6.34)

(6.35)

(6.36)

(6.37)

(6.38)

(6.39)

(6.40)

(6.41)

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)
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Second-Order Effects

The expressions related to the second-order effects (6.48)-(6.56) are only calculated for Vi > 0:

Mobility Degradation
vr/3 207 /vt
L [ (B - Verr) ™ + (B - Ver) 7| for NMOS

N /v
[+ (@n, - Ver) ™ + (6 - Ver) T| T for PMOS

Channel Length Modulation:

AL n Vbs — Vbs, + \/(VDS - VDSX)Z + Vp?
- = -
A

1
T 14+ (AL/L) + (AL/L)?

GaL

Velocity Saturation:

By 24 for NMOS
mob
X =

. far_ Ay for PMOS

77
Cmob [l+ (saty 'A‘///Gmob)z]

G
Gysat = 20b : [1 +v1+2- Xsatz]

Series Resistance + Self-Heating:

ORr1 > -
G = Or.- 14+ ———) V*
R RT < Or2 + Vinv mv
Gth = 6rhy - Vbs- Ay - Vi,

Gt = Gusat-GaL+Gr

G G2 G Xsat2
Gt = GTh+%+ hypl[ tot R sat €

— . , €3
4 GmOb 1\ 1 + 2 . Xsatz
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(6.49)

(6.50)

(6.51)

(6.52)

(6.53)

(6.54)

(6.55)

(6.56)
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Drain-Source Channel Current:

Eqgs (6.57) and (6.58) are only calculated for Vg — ¢ > 0:

lait = Br- Vi - AY (6.57)

latt = Br-Mgr - (Vinv — Vinw,) (6.58)
0 for: Vg —v <0

lps = (6.59)

Larift+diff . x
Gt forr Vgg—v >0

Weak-Avalanche:

0 for: Vps — a3 - Vpsar < —a/A
Iavl = (6-60)

a .
ai; - Ips - exp (—VDST;,VDSAT) for: Vps — a3 - Vpsar > —a/A

Surface Potential in Gate Overlap Regions:

The surface potential in the overlap region v, is given by the following implicit relation:

I:ov {VGX, WOV} = _Vov {VGX’ 1,00v}2 + kov2 . dov {WOV} =0 (6-61)
where:

Véx {VGX’ lpov} = VGX - VFBov - 1/fov (6-62)

1 1 >
Cov {Vox, Yol = 5+ 5-J1+4/kp ~hypy {Véx (Vex. Yo} €1} (6.63)

Vix {Vex, Yovt

Vou {Vox, Yoy} = —X-22 700 6.64
Wox Vol = = Vex. vou) (664
v Vol = —Yiow + 67 - [exp ("2—) - 1} (6.65)

The surface potential is iteratively calculated using a second-order Newton Raphson procedure, where
the surface potential ;1 in the i 4+ 1™ iteration is given in terms of the surface potential v; in the i
iteration by:

I:OV'
Vi =i — = — (6.66)
a I I:OVi - % : I:OVi : I:OVi /FOVi
where
I:ovi = Fov {Vox, ¥i} = —Vov {Vex, 1;0i}2 + kov2 - dov {¥i} (6.67)
. 9 Fov {Vex, , ,
F, = Voo Vod oy Ve va) VL (Vax. g + ka? - diy (04) (6.68)

a 1/fov Yov="i

74 ©Koninklijke Philips Electronics N.V. 2004



Unclassified Report

FN . 82Fov {VGX, l//ov}

MOS Model 11, Level 1102 April 2005 — NL-TN 2004/00085

_ (6.69)
> V" T
= =2 Vo, {Vox, ¥’ = 2+ Vo {Vox, i} - Voy (Vo ¥id + kov” - oy {11} (6.70)
The first-order and second-order derivatives are given by:
: 3Cov {Vox, Yo}
Cov {Vox: Vou} %X%V (6.71)
Vov
_l X 4/kP2 . 8hyp1 {Vék)( {VGX’ I//OV} ) 6:|.}
4 2-cov{Vex, Yo} — 1 IV
, 9%Cov {Vex You)
Cov {VGX, ‘pov} oV GX2 1;00v (6.72)
dVov
/ a2h V& Vex.Yov}.e
2 Vo Y — g - R epgtenal
2 - Cov {Vox, Yov} — 1
/ dVov {Vex, Yov) 1+ Vov {Vex, Yov} - C;v {Vex, Yov}

V., {Vex, } = — 6.73
ou 1Yo Vou Yoy Cov {Vox, Yov} 673
) 32Vov {Vox,

VL, (Vo Vo) o Vox, You) (6.74)

Aoy {Wov)

Aoy {Wov)

0o’

2oy (Vox Youl - Voy [Vox, Yov + Vou {Vex, Yov) - Cov (Vax, Vo)
Cov {Vex, Yov}

3oy (Vo) You

v —14exp (E) (6.75)

oy () 0 (52)
Wo? ot

(6.76)
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The iterative loop is performed until i1 — i < 1078 - ¢, at which point v, is taken to be equal
to ¥ir1. As a zero-order starting value vy, the following approximation is used:

X = ACCOV . (VGx - VFBov) /¢T

—¢7 for x < -2

. Agcc =
if Vex < Vesov ot - [exp (X) — 1] for x > -2

2
2
Yo = — (\/_ [VGX - VFBov] + Agcc + kOTV - %) + Aacc

Vo, = 2[Vex—VeBov]
0 2
1+\/1+4/kp ‘[Vex—VrBov] (677)

X = Vov2 + ¢T : kov2

2-V,
y = _k0v2 + > =
/1+4/kp?-(Vax—Vrgov)

if Vox > Vrgov
z=1+4/k*- (Vox — Vesov)

2-¢7-x-In X
o <¢T-kov2)

Vo =
X+¢T'y+\/(x+¢T'Y)2*¢T2'(X/Z*y2/2)‘|n( . >

o7 -kov?

When Vgx — Vegoy = 0, the starting value vy is equal to zero. No iterative solution is necessary, and
Yoy IS automatically taken to be equal to zero. Surface potentials in the gate/source overlap s, and
in the gate/drain overlap v, are calculated from the following implicit relations:
Fov {VGS7 IIIOVO} =0 (678)
Fov {VGD — Vps, l//ov|_} =0 (6.79)
The oxide voltages in the gate/source overlap Vg, and the gate/drain overlap Vg, are given by:

Vovo = Vov {VGS, 1,00v0} (6.80)

V0v|_ = Voy {VGD — Vps, 1;00v|_} (6.81)

Gate Current Equations:

The tunnelling probability is given by:

Vox 2,3‘m 3
exp | -2 - [(XB)—XB:] for: Vox < xs
Pun {Vox. x8, B} = (1Y) (6.82)

exp (— B/ Vo) for: Vox > xe
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Source/Drain Gate Overlap Current: The gate tunnelling currents in both gate/source and gate/drain
overlap are given by:

Pov {Vov} = Pun {Vov: X81,» Binv} (6.83)
lcov {Vex: Vov} = leov - Vex  Vov * [Pov {Vov} — Pov {—Vov}] (6.84)
lcovo = loov {Ves » Vo } (6.85)
lov. = leov {Vas — Vbs » Vou } (6.86)

Intrinsic Gate-to-Bulk Current: The gate tunnelling current in accumulation:

Pacc = Pun {_vox, XBacc Bacc} (6.87)
Vace = \70x — hyp, {vox, 63} (6.88)
lee = —leacc - (Vs + VsB) - Vace - Pacc (6.89)

Intrinsic Gate-to-Channel Current: The tunnelling current in inversion, including quantum-mechanical
barrier lowering A xg. Egs. (6.90)-(6.100) are only calculated for Vg — ¢ > 0:

- - = \2/3
Axg = QMy - (Vinv/3 + Vox — Vinv) / (6.90)
X8 = 0.7 - Xgyp, +hyp; {0.3 - x5, — Axs. €3} (6.91)
Beft = Binv - (XBur /XBinV)3/2 (6.92)
Pinv = Pun {\70x, XBefr» Beff} (6.93)
3 Bert éox
g =—- . 2= 6.94
° 8 XBeffZ ¢T ( )
r= é-* (6.95)
¢1 - Viny
Fox
Fox = — (6.96)
a ¢T : Vox

re2+4-rg - r*+2-rg-fox+2-r*2+4 . ro-r*

2
5 Ay (6.97)

Pec =1+

_ 1
lec = leinv - GaL - (VGS - EVDSX> - Piny (6.98)
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The total intrinsic gate current lgc:

Unclassified Report

lec = lac - Vinv - Pac (6.99)
A
Pss = [Is + rox] - 1—1; (6.100)
IGovo for: Vig—v <0
les = vy ) . (6.101)
5 loc + (Pes “Viny + w) “lec + leoy, for: Vg —v >0
IGovL for: V(?B — 1& <0
lep = ) (6.102)
lec — los + leovy + leoy,  for: Vig —v >0
Gate-Induced Drain/Source Leakage Current:
Viov {Vov, V} = \/(Vov — hypy {Vov, 63})2 + CoipL” - V2 (6.103)
2 ——(—;BGIDLT . BaipLy
AcipL - V - Vioy {Voy, V}° - & Vovor VT for: Vigy {Voy, V} > —T A
Igixl {Vov, V} = (6.104)
0 for:  Vioy {Vou, V) < — 2221
Igisl = Igixl {Vovo, VSB} (6.105)
lgigt = lgixt {Vov» Vbs + Vsa} (6.106)
6.2.3 Extended Charge Equations
Bias-Dependent Overlap Capacitance:
Qovo = Cegso - Vovo (6.107)
Qov|_ = Copo - Vov._ (6.108)
Intrinsic Charges:
C
Coxyy = O: 1t (6.109)
1+ QMy, - [(%) + G- Vlimit)2:|
G
AVipy = (Vinvo - VinvL) : (1 - G R > (6.110)
tot
1 AVin
F—o.2 6.111

nv
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Cox, - G . AV; F?
Qs = _% : |:Vinv + 6'”" . (Fj - ?J + 1>j| (6.112)
Cox. - G - AV F2
Qp = — et - ZAL |y 4 2V A+ — (6.113)
2 6 5
- AV, £
Q. = Coxey - [Vox +—=F- iﬂ] (6.114)
Qs = —[Qs + Qp + Qq] (6.115)

6.2.4 Extended Noise Equations

The noise equations (6.116)-(6.131) are only calculated for Vi — v > 0. In these equations f
represents the operation frequency of the transistor.

G
Getf = 1— -2 (6.116)
Gtot

Osat;” - AY? - Ger?  for NMOS
Xeat> = (6.117)

sty AY? Gotr for PMOS
\/1+9sat-|—2'A1/f2'Geff2

Gmob + \/Gmob2 + 2. Xsat2

Gusaty = > (6.118)
t = \Z‘:V (6.119)
Vinv
F?
t, = i (6.120)
X 2
et = — (6.121)
GvsatR
IBT'vizv
ideal = —————V 6.122
Jideal GvsatR - GAL ( )

ox GvsatR -GaL

B = 2-7-f-C 2 6.123
¢ g e ¢T Gmob ( )

Sh = Nr;- Geff2 - Oideal - Max {tl +12 -t - (1 — 2t —2- tsatz) , 0} (6.124)

Sq = N B’ [t foty— 24121 (6.125)
T T G 120 1P B ? '
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t 9.t
+ tsat-(—1+3-t1-t2—T2—36-t22>

12
t 17 -t
2 1 2 2
A2 4.0t — _24.
+ tsat (12 + t]_ t2 5 t2 >]
. 1
Sigh = J - Nty - Bg - Geri - V12 - |:1_12‘t2+tsat' (5 —t1+30't2>
3 3t 51t
tea” - [ = — —— 6.126
+ tat (8 >t )} (6.126)
Jideal = %
= . 2o / 2
for GATENOISE =1: | 5 Ny - e g'dea'/ LF bar + L (6.127)
Sigh =10
€ox - AViny
No = —— -V 6.128
0 q - tor < inv + > > ( )
€ox - AViny
N = |\ Vinv — 6.129
L q - tox ( inv > ) ( )
NE o= Sox E (6.130)
q . tox
q-¢1° tox - Br - lps 2 No + N*
_ A Nea = NN N Nec)-In| ———
N feor Gun N ( FA FB FC) N+ N
NFC 2 2
+ (Ngg — N* - Nec) - (Ng — NL) + — (No® — N.?) (6.131)
+ ¢ - Ips? (1= Gay) - |:NFA + Neg - N + IZ\IFC . NL2:|
f (NL + N%)

80 ©Koninklijke Philips Electronics N.V. 2004



Unclassified Report MOS Model 11, Level 1102 April 2005 — NL-TN 2004/00085

7 Parameter Extraction

The parameter extraction strategy for MOS Model 11 using an optimization method consists of four
main steps:

1. measurements

2. extraction of miniset parameters at room temperature

3. extraction of temperature scaling parameters

4. extraction of geometry scaling parameters

The above steps will be briefly described in the following sections.
7.1 Measurements

The parameter extraction routine consists of four different dc-measurements and two (optional) ca-
pacitance measurements®:

e Measurement | : Ip/g,,/lIc—Vgs-Characteristics in linear region:
n—channel : Vs =0 ... Vg, (with steps of maximum 50 mV).
Vpbs =50 mV
Ves =0... =V

p—channel : Vs =0 ... — Vg, (with steps of maximum 50 mV).
Vps =-50 mV
VBS =0... \/Sup

e Measurement Il : Subthreshold Ip—Vgs-characteristics:
n—channel : Vgs =Vt —-06V ...V +0.3V
Vs = 3 values starting from 100 mV to Vg
Ves =0... =V

p—channel : Vgs = Vr+06V ...Vt —-03V
Vs = 3 values starting from -100 mV to — Vg,
VBS =0... \/Sup

e Measurement 111 : Ip/gps/lc—Vps-characteristics:

n—channel : Vps =0 ... Vg, (with steps of maximum 50 mV)
Vs = 4 values starting from V¢ 4- 0.1V, not above Vg,
Vs = 3 values starting from 0 V to — Vg

p—channel : Vps =0 ... — Vg, (with steps of maximum 50 mV)
Vs = 4 values starting from V4 + 0.1V, not below — Vg,
Vs = 3 values starting from 0 V to Vg,

e Measurement 1V : Ip/ls/lg/Is—Vgs-Characteristics in all operation regions:
n—channel : Vs = -Viyp . .. Viyp (With steps of maximum 50 mV).
Vs = 4 values starting from 0 V to Vg,

VBS =0V

p—channel : Vs = -Viyp ... —Veyp (With steps of maximum 50 mV).
Vs = 4 values starting from 0 V to -V,
VBS =0V

8The 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 Vsyp. Otherwise physical effects, atypical for normal
transistor operation and therefore less well described by MOS Model 11, may dominate the characteristics.
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e Measurement V : Cys—Vs-Characteristic (optional):

n/p—channel : Vgs = —Viyp . .. Vigyp (With steps of maximum 50 mV).
VDS =0V
Ves=0V

e Measurement VI : Cy—Vs-characteristic:
n/p—channel : Vgs = —Visyp - .. Vayp

Vs =0V

VBS =0V

The values of transconductance g, and output conductance gng are extracted from the I-V-curves by
calculating in a numerical way the derivative of b to Vs and Vps, respectively. In the subthreshold
measurements, Measurement 1, use is made of threshold voltage Vt, which has to be determined for
all the used bulk-source bias values Vgs. The determination of Vr is rather arbitrary, and it can be
either determined using the linear extrapolation method or the constant current criterion. The channel-
to-gate capacitance Gy is the summation of the drain-to-gate capacitance Gy, and the source-to-gate
capacitance Cy (i.e. source and drain are short-circuited), it is needed to extract overlap capacitance
parameters.

For the miniset extraction measurements | through 1V have to be performed at room temperature
for every device. In addition measurements V and VI need to be performed for a long/broad and a
short/broad (i.e. L = Lpmn) transistor (at room temperature). Furthermore, for the extraction of tem-
perature scaling parameters measurements I, I11 and 1V have to be performed at different temperatures
(at least two, typically —40°C and 125°C) for at least a long/broad and a short/broad transistor.

7.2 Extraction of Miniset Parameters at Room Temperature

The extraction of miniset parameters is performed for every device. In order to ensure that the tem-
perature scaling relations do not affect the behaviour at room temperature, the reference temperature
Tr is chosen equal to room temperature. In general the simultaneous determination of all miniset
parameters is not advisable, because the value of some parameters can be wrong due to correlation
and suboptimization. Therefore it is more practical to split the parameters into several groups, where
each parameter group can be determined using specific measurements.

Although the poly-depletion effect affects the dc-behaviour of a MOSFET, the poly-depletion pa-
rameter KPINV can only be determined accurately from C-V-measurements. If the (physical) ox-
ide thickness tox and the polysilicon impurity concentration N> are known, the parameter KPINV
(= 1/kp) can be calculated from®:

kP=t0x 2-q-esi- Np (7.1)

€ox

If the polysilicon impurity concentration Ne is not known, as a good first-order estimate one can use
Np = 1-10%m~3 for n*-polysilicon gates and No = 5 - 10®m~2 for p*-polysilicon gates. In the
latter case a measured Cgg-Vgs-characteristic for a long-channel transistor is essential for an accurate
determination of KPINV.

9For metal gates the poly-depletion effect does not occur and in this case KPINV = 0.
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Table 7.1:

MOS Model 11, Level 1102

April 2005 — NL-TN 2004/00085

Starting miniset parameter values for DC-parameter extraction at room
temperature Tr of a typical MOSFET with channel length L (m), chan-
nel width W (m), oxide thickness tx (m), polysilicon impurity con-
centration Np (m~3) and minimum technology feature size Lpyi,. If
the polysilicon concentration Ne is not known, one can use Np =
1-10%m=3 or 5-10®m~2 for n*- resp. p*-polysilicon gates. Pa-
rameters Cox, Cgso and Cgpo are only important for the charge model,
and do not affect the dc-model; they have to be extracted from C-V-
characteristics. In order to determine the parameter geometry-scaling,
the last column indicates for which conditions the parameters have to
be extracted: L=long-channel device (fixed for short-channel devices),

S=short-channel devices, A=all devices and F=fixed parameter.

Parameter | Program Parameter Value Extracted
Name NMOS PMOS for
Ves VFB -1.1 -0.95 L
Ko KO 0.25 0.25 A
1/kp KPINV | 6.0-10% /(tox - +/Np) | 6.0-10° /(tox - v/Np) | L
b8 PHIB 0.95 0.95 A
B BET 1710712 /to - W/L | 451078 /tox - W/L | A
Osr THESR | 1.5-107° [ty 2.3-107° [ty L
Bph THEPH | 1.3-107%0 /1, 2.2-1071 /1, L
Tmob ETAMOB | 1.3 3.0 L
v NU 2.0 2.0 A
bR THER 1.3.107" /L 8.0-10°% /L S
Or1 THERL |0 0 -
Oro THER2 |1 1 -
Bsat THESAT |45-1077 /L 2.0-1077 /L A
67h THETH |1.0-10°6 1.0.10°° A
b SDIBL  [5.0-1072 (Lpin /L)* | 5.0-1072- (Lmin /L)* | S
Mo MO 1.0-10°3 1.0-10°3 A
ot SSF 6.0-102 - Liin /L 6.0-1072 - Liin /L A
o ALP 6.0-1072 - Lynin /L 6.0-107% - Lin /L A
Vp VP 5.0-1072 1.0-107! F
m MEXP use Eq. (5.23) use Eq. (5.23) -
a Al 25 100 A
a A2 25 37 A
a A3 1 1 A
lsiny IGINV 16-107* W-L /t,® | 8.0-10% - W-L /t,® | A
Binv BINV 2.9-10710 . ¢, 4.3.10M10 . t,, L
lsace IGACC 20-107* - W- L [t | 6.0-107¢- W- L /to® | A
Bacc BACC Binv 2.9.10M10 . ¢, L
VEgov VFBOV | 0.1 0.1 L
Kov KOV 9.3-10%8 .t 3.8-10%8 . oy L
lcov IGOV 401072 W /[ty 1.0-10712 - W /o A
AcipL AGIDL 1.6-1078 . W /t,,? 1.2-107Y - W /t,,® A
BeioL BGIDL 1.6 - 10110 . fo, 1.0 - 10110 . o L
CeipL CGIDL 0 0 L
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Before the optimization is started a parameter set has to be determined which contains a first esti-
mation of the parameters to be extracted and the parameters which remain constant. The value of
smoothing factor m is calculated from the device length L and from the minimum feature size of the
technology Lpin using eq. (5.23). The parameter set used as a first-order estimation of the parame-
ters to be extracted is given in Table 7.1. With this parameter set a first optimization following the
scheme below, is performed. After this the new parameter set serves as an estimation for the second
optimization, which is performed following the same scheme. This method yields a proper set of pa-
rameters after the second optimization. Experiments with transistors of different processes show that
the parameter set does not change very much after a third optimization. For an accurate extraction

Table 7.2: DC-parameter extraction procedure for a long-channel n-MOSFET,
where Steps 2 and 12 are optional. For p-type transistors all voltages
and currents have to be multiplied by —1. The optimisation is either
performed on the absolute or relative deviation between model and mea-
surements. Parameter kg is 2.5 wA for NMOS and 0.8 A for PMOS.
For n-MOSFETS Ba.c = Bin, and as a result B, does not have to be
extracted. For p-MOSFETS this is not the case, see Tab. 2.1.

Step | Optimised Measure- | Fitted | Absolute/ | Specific
Parameters ment On Relative Conditions

1 ¢8 Ko, B, Os [ I Absolute | -

2 Veg , ko  kp Cox Vv ng Relative -

3 ¢B , Ko, Mg I Ib Relative | —

4 B, Os , Opn I Ib /9y | Relative | Vg =0V

Vos > Vr +0.3V

5 Mmob I Ib Absolute | Ip > W/L - I

6 Osat Il Ib Absolute | —

7 o, &, O 1l Obs Relative -

8 Osat Il Ib Absolute | —

9 lainy » Biny I Is Absolute | -

10 IGOV , (Bacc) , IGACC ) kov AV IG Relative VGS <0V

11 a;,a, a3 v Is Absolute | Vgs >0V

12 A(5|D|_ , B(;|D|_ , C(;|D|_ v IB Absolute VGS <0V

13 V|:B , kp , Cox V ng Relative -

14 Repeat Steps 3, 4,5, 6,7, 8,9, 10, 11 and 12

of parameter values, the parameter set for a long-channel transistor has to be determined first. In the
long-channel case the poly-depletion parameter 1/k, the flat-band voltage Vgg, the carrier mobility
(i.e. s, Bpn and nmep) and the gate tunnelling probability factors (B and Bgacc) can be determined,
and they can subsequently be fixed for the short and narrow-channel devices, see Tab.7.1. In Table 7.2
the extraction procedure for long-channel transistors is given. Since the value of body-factor k may
change much over geometry and over technology, the first-order estimate in Tab.7.1 is very crude
and a more accurate, preliminary value is obtained using Step 1. In Step 2 (optional) more accurate
values of the poly-depletion parameter 1/k> and the flat-band voltage Vrg (which determines the on-
set of accumulation) are extracted. Next the subthreshold parameters ¢g, ko and mq are optimised in
Step 3, neglecting short-channel effects such as drain-induced barrier-lowering (DIBL). After that the
mobility parameters are optimised using Steps 4 and 5, neglecting the influence of series-resistance.
In Step 6 a preliminary value of the velocity saturation parameter is obtained, and subsequently the
conductance parameters o, o and 6y, are determined in Step 7. A more accurate value of &, can now
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be obtained using Step 8 (which is Step 6 repeated). The gate current parameters are determined in
Steps 9 and 10, followed by the weak-avalanche parameters in Step 11, and finally, the gate-induced
leakage current parameters are optimised in Step 12.

Table 7.3. DC-parameter extraction procedure for a short-channel n-MOSFET. For
p-type transistors all voltages and currents have to be multiplied by —1.
Parameters 1/kp, Vg, 04, Qphv Nmobs Binvs Bace, Kov, BaipL and CgpL are
taken from the long-channel case. The optimisation is either performed
on the absolute or relative deviation between model and measurements.

Step | Optimised Measure- | Fitted | Absolute/ | Specific
Parameters ment On Relative | Conditions

1 o8, Ko, B, 6r I Ip Absolute | —

2 ¢, Ko, Mo, ogini | 1l Ip Relative | -

3 B, 6r I Ib /9, | Relative | Veg =0V

VGS > VT +0.3V

4 Osat 11 Ip Absolute | —

5 ost, & , O1h , Odibl 1l 9os Relative -

6 Osat 11 Ib Absolute | -

7 leinv , Icov » leacc | IV Is Relative | -

8 a ,a,as \Y I Absolute | Vgs >0V

9 AcipL AV Is Absolute Ves <0V

9 Repeat Steps 2, 3,4,5,7,8and 9

For short-channel devices the values of the poly-depletion parameter 1/, flat-band voltage Vgg, the
carrier mobility parameters (6, 6pn and nmep) and the gate tunnelling probability factors (B, and
Bacc) Of the long-channel device are copied, and next the extraction procedure as given in Table7.3
is executed. In contrast to the long-channel case, the extraction procedure for short-channel devices
also optimises the parameters for series-resistance'® and DIBL.

Table 7.4: Starting miniset parameter values for AC-parameter extraction of a typ-
ical MOSFET with channel length L (m), channel width W (m) and
oxide thickness tx (m).

Parameter | Program Parameter Value

Name NMOS PMOS
Cox COX €ox [tox - W+ L | €ox [tox - W- L
Copo CGDO |3.0-107%.w [3.0-107.w
Caso CGSO [3.0-107%.w [3.0-107°.w

AC-parameters: In Tab. 7.4, a first-order estimation of the AC-parameters is given. The AC-
parameters Cox, Caso, Cepo, and in addition ko, and Vggo, cannot be (accurately) determined from
DC-characteristics, and as a consequence they have to be determined from C-V—characteristics?:.
Since normal MOS transistors are symmetrical devices, one can assume that the oxide capacitance

10Note that in Table 7.3 parameters 6r1 and 6ro are not included, which implies that the series-resistance is assumed to
be voltage-independent. This holds true for modern CMOS technologies, where no use is made of LDD-structures.

11 Although parameter koy can be determined from overlap gate current, see Tab. 7.2, it is nonetheless more accurately
determined from the Ccg—Vgs characteristic.
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of the source and drain extension are identical, which implies that Css0=Cgpo. The oxide capaci-
tance of the intrisic MOSFET Cgx can be extracted from Measurement V1. In Table 7.5 the extraction
procedure for the AC-parameters is given.

Table 7.5: AC-parameter extraction procedure for a MOSFET. Here it is assumed
that Cgso = Cgpo. In the first instance flat-band voltage Vigey is not
optimised, although it may be optimised during Step 1 in order to ob-
tain more accurate results. The optimization is either performed on the
absolute or relative deviation between model and measurements.

Step | Optimised | Measure- | Fitted | Absolute/ | Specific

Parameters | ment On Relative | Conditions
1 Kov , Caso VI ch Relative Ves <0V
2 Cox \Y Cyg Relative | —

3 Repeat Steps 1 and 2

7.3 Extraction of Temperature Scaling Parameters

For a specific device the temperature scaling parameters can be extracted after the miniset at room
temperature has been extracted. In order to so, measurements I, 11l and IV need to be performed
at various temperature values (at least two values different from room temperature, typically —40C
and 125°C). Since the reference temperature Tz has been chosen equal to room temperature, the
modelled behaviour at room temperature is not affected by different values of the temperature scaling
parameters. As a first-order estimation of the temperature scaling parameter values, the default values
as given in Sections 8.2.1 and 8.2.2 are used. Again the parameter extraction scheme is slightly
different for the long-channel and for the short-channel case.

Table 7.6: Temperature scaling parameter extraction procedure for a long-channel
n-MOSFET, where measurements have been performed at various tem-
perature values. For p-type transistors all voltages and currents have to
be multiplied by —1. The optimization is either performed on the abso-
lute or relative deviation between model and measurements. Parameter
It is 2.5 wA for NMOS and 0.8 nA for PMOS.

Step | Optimised Measure- | Fitted | Absolute/ | Specific
Parameters ment On Relative | Conditions

1 STis | Ib Relative | Ip < W/L- g

2 Mg s Msr+ Mph » Vexp » STonmap | | Ip Relative Ib > W/L- I

3 Nsat 11 Ib Absolute | -

4 St.ay v Ig Absolute | Vgs >0V

5 STZ,BGIDL v Ig Absolute Vs < 0V

For an accurate extraction, the temperature scaling parameters for a long-channel device have to be
determined first. In the long-channel case the carrier mobility parameters (i.e. 7, 7ph, Vexp and
St.nme) CaN be determined, and they can subsequently be fixed for the short-channel devices. In
Table 7.6 the extraction procedure for long-channel transistors is given. In Step 1 the subthreshold
temperature dependence is optimised, followed by the optimization of mobility reduction parameters
in Step 2. Next the temperature dependence of velocity saturation is optimised in Step 3. In Step 4,
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the temperature dependence of impact ionization is determined, and finally in Step 5, the temperature
dependence of the gate-induced drain leakage is optimised.

Table 7.7: Temperature scaling parameter extraction procedure for a short-channel
n-MOSFET, where measurements have been performed at various tem-
perature values. For p-type transistors all voltages and currents have to
be multiplied by —1. The optimization is either performed on the abso-
lute or relative deviation between model and measurements. Parameter
It is 2.5 wA for NMOS and 0.8 nA for PMOS.

Step | Optimised | Measure- | Fitted | Absolute/ | Specific
Parameters | ment On Relative | Conditions

1 St.¢8 | Ib Relative Ib < W/L- Iy

2 Ng s R | Ib Relative Ib > W/l_ Iyt

3 Nsat Il Ib Absolute | —

4 St.a, v Is Absolute | Vgs >0V

5 ST$BG|DL v Is Absolute Vs <0V

For short-channel devices the values of the mobility reduction temperature scaling parameters (i.e.
Nsrs Mphy Vexp and St.,,. ) of the long-channel device are copied, and next the extraction procedure
as given in Table 7.7 is executed. In contrast to the long-channel case, the extraction procedure for
short-channel devices optimises the parameter for series-resistance.

7.4 Extraction of Geometry Scaling Parameters

In general the most important part of the geometry scaling scheme is the determination of AL and
AW, see egs. (5.1) and (5.2), since it affects the DC-, the AC- as well as the noise model. Tradi-
tionally AW can be determined from the extrapolated zero-crossing in the gain factor 8 versus mask
width W. In a similar way AL can be determined from the inverse gain factor 1/8 versus mask
length L. For modern MOS devices with pocket implants, however, it has been found that the above
AL extraction method is no longer valid [23],[25]. Another, more accurate method is to measure
the gate-to-bulk capacitance Cgg in accumulation for different channel lengths [24],[25]. In this case
the extrapolated zero-crossing in the Cgg versus mask length L curve will give AL. Unfortunately
for CMOS technologies in which gate current is non-negligible, capacitance measurements may be
hampered by gate current [10]. In this case either gate current parameter Iginy OfF Igacc plotted as a
function of channel length L may be used to extract AL [10].

In MM11, Level 1102, one can use either physical or binning geometry scaling rules. When using
the binning rules of Section 5.2.2, the scaling parameters for one bin can be directly calculated from
the minisets of the four corner devices of the bin. The binning scheme ensures that the minisets are
exactly reproduced in the bin corners, and that no humps occur in parameter values across bin borders.
The exact way to calculate binning parameters from minisets is described in AppendixB.

When using the physical scaling relations of Section 5.2.1 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. Using these
measurements the sensitivities of the parameters on length, width and temperature can be found. For
the determination of a geometry-scaled parameter set a three-step procedure is recommended:
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1. determine minisets (¢g, kKo, B, ...) for all measured devices, as explained in Sections 7.2
and 7.3.

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

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

Parameter sets have been determined for several processes using this parameter extraction strategy and
taking care of not exceeding the supply voltage. For all processes good results have been obtained.
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8 Parameter Clipping and Default Values

8.1 Introduction

For the clipping of a parameter the lower bound By_and/or the upper bound By, are specified for the
value range of that parameter. If both bounds are given the value range is the closed interval [g , By]
and in the case of one bound it is either the half-open interval [B_, co) or (—oo, Byy]. If the value
of a parameter exceeds its bound it has to be replaced by that particular bound. In the Sections8.2.1
and 8.2.2 default values and clipping values for the parameters of the electrical MOS Model 11 are
given for n-channels and p-channels, respectively. In the Sections8.3.1 and 8.3.2 default values and
clipping values for the parameters of the physical geometrical scaling rules of MOS Model 11 are
given for n-channels and p-channels, respectively. Finally, in the Sections8.4.1 and 8.4.2 default
values and clipping values for the parameters of the binning geometry scaling rules of MOS Model
11 are given for n-channels and p-channels, respectively.

Note: Once the parameters have been calculated from the physical geometrical scaling rules (see
Section 5.2.1) or from the binning geometrical scaling rules (see Section5.2.2), the clipping values
of the electrical model (see Sections 8.2.1 and 8.2.2) have to be applied!
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8.2 Parameter Clipping and Default Values for the Electrical Model

8.2.1 Parameter Clipping and Default Values for the Electrical N-channel Model

The default values and clipping values for the parameters of the electrical MOS Model 11 (n-channel)
are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 1102 - -
1 TR °C 21.0 -273.15 -
2 VFB \Y} -1.0500 - -
3 STVFB VK1 0.5x10°3 - -
4 KO V12 0.5000 1.0x10712 -
5 KPINV V12 0.0000 0.000 -
6 PHIB \Y 0.9500 1.0x10712 -
7 STPHIB VK1 -8.5x10~* - -
8 BET AV2 1.9215%x10~%  0.000 -
9 ETABET - 1.300 - -
10 THESR V-1 0.3562 1.0x10712 -
11 ETASR - 0.650 - -
12 THEPH s 1.29% 1072 1.0x10722 -
13 ETAPH - 1.350 - -
14 ETAMOB - 1.4000 0.000 -
15 STETAMOB  K™! 0.000 - -
16 NU - 2.0000 1.000 -
17 NUEXP - 5.250 - -
18 THER V-1 8.12x1072  0.000 -
19 ETAR - 0.950 - -
20 THER1 \Y 0.0000 0.000 -
21 THER2 \Y 1.0000 0.000 -
22 THESAT s 0.2513 0.000 -
23 ETASAT - 1.040 - -
24 THETH v—3 1.0x107° 0.000 -
25 SDIBL Vv-12 8.53x10~*  1.0x107%? -
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

MO
SSF
ALP
VP
MEXP
Al
STAl
A2

A3
IGINV
BINV
IGACC
BACC
VFBOV
KOV
IGOV
AGIDL
BGIDL
STBGIDL
CGIDL
COX
CGDO
CGSO
GATENOISE
NT
NFA
NFB
NFC
TOX
DTA

MOS Model 11, Level 1102

Vfl/Z

AV

\Y
V1/2
AV~2
AV-3

VK1

m T

V—lm—4
V-Im—2

V—l
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0.0000
0.0120
0.0250
0.0500
5.0000
6.0221

0.000

38.017
0.6407
0.0000
48.000
0.0000
48.000
0.0000
2.5000
0.0000
0.0000
41.000
-3.638x 10~
0.000
2.98x10~1
6.392x10°15
6.392x10°15
0.0000
1.624x10-20
8.323x10%
2.514x10’
0.0000
3.2x10°°
0.000

0.000
1.0x107%2
0.000
1.0x10712
1.000
0.000
1.0x10712
0.000
0.000
0.000
0.000
0.000
1.0x10712
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.0x107%2
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56 MULT - 1.0000 0.000 -

The default values and clipping values of the additional parameters for the (n-channel) model includ-
ing self-heating (see Section 4.2) are listed in the table below.

No. Parameter Units Default Clip low Clip high
57 RTH K/W 300.0 0.000 -
58 CTH JIK 3.0x107° 0.000 -
59 ATH - 0.000 - -

92 ©Koninklijke Philips Electronics N.V. 2004



Unclassified Report MOS Model 11, Level 1102 April 2005 — NL-TN 2004/00085

8.2.2 Parameter Clipping and Default Values for the Electrical P-channel Model

The default values and clipping values for the parameters of the electrical MOS Model 11 (p-channel)
are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 1102 - -
1 TR °C 21.0 -273.15 -
2 VFB \Y} -1.0500 - -
3 STVFB VK1 0.5x1073 - -
4 KO V12 0.5000 1.0x10712 -
5 KPINV V12 0.0000 0.000 -
6 PHIB \Y 0.9500 1.0x1071? -
7 STPHIB VK1 -8.5x10~* - -
8 BET AV~2 3.8140x10~* 0.000 -
9 ETABET - 0.500 - -
10 THESR V-1 0.7300 1.0x10°2 -
11 ETASR - 0.500 - -
12 THEPH V-1 0.0010 1.0x10°2 -
13 ETAPH - 3.750 - -
14 ETAMOB - 3.0000 0.000 -
15 STETAMOB K1 0.000 - -
16 NU - 2.0000 1.000 -
17 NUEXP - 3.230 - -
18 THER V-1 7.90x1072  0.000 -
19 ETAR - 0.400 - -
20 THER1 \Y 0.0000 0.000 -
21 THER2 \Y 1.0000 0.000 -
22 THESAT s 0.1728 0.000 -
23 ETASAT - 0.860 - -
24 THETH V-3 0.000 0.000 -
25 SDIBL V12 3551x10"° 1.0x107%2 -
26 MO V 0.0000 0.000 0.500
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SSF
ALP
VP
MEXP
Al
STAl
A2

A3
IGINV
BINV
IGACC
BACC
VFBOV
KOV
IGOV
AGIDL
BGIDL
STBGIDL
CGIDL
COX
CGDO
CGSO
GATENOISE
NT
NFA
NFB
NFC
TOX
DTA
MULT

V—1/2

V—lm—4

V-1m—2

MOS Model 11, Level 1102

0.0100
0.0250
0.0500
5.0000
6.8583

0.000

57.324
0.4254
0.0000
87.500
0.0000
48.000
0.0000
2.5000
0.0000
0.0000
41.000
-3.638x 10~
0.000
2.717x10~
6.358x 10715
6.358x 10715
0.0000
1.624x10-20
1.900x 10?2
5.043x 106
3.627x10710
3.2x107°
0.000

1.0000
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1.0x10712 -
0.000 -
1.0x10712

1.000 -
0.000 -
1.0x10712

0.000 -
0.000 -
0.000 -
0.000 -
0.000 -
1.0x10"%2

0.000 -
0.000 -
0.000 -
0.000 -
0.000 -
0.000 -
0.000 -
0.000
0.000 -
0.000 -

1.0x1012 -

0.000 -
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The default values and clipping values of the additional parameters for the (p-channel) model includ-
ing self-heating (see Section 4.2) are listed in the table below.

No. Parameter Units Default Clip low Clip high
57 RTH K/W 300.0 0.000 -
58 CTH JIK 3.0x107° 0.000 -
59 ATH - 0.000 - -
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8.3 Parameter Clipping and Default Values for the Physical Geometrical Scaling Rules

8.3.1 Parameter Clipping and Default Values for Physical Geometrical Scaling Rules of the
N-channel Model

The default values and clipping values for the parameters of the physical geometrical scaling rules of
MOS Model 11 (n-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 11020 - -
LVAR m 0.000 - -
2 LAP m 4.0x10°8 - -
3 WVAR m 0.000 - -
4 WOT m 0.000 - -
5 TR °C 21.0 -273.15 -
6 VFB \Y -1.050 - -
7 STVFB VK1 0.5x10°% - -
8 KOR V12 0.500 - -
9 SLKO - 0.000 - -
10 SL2KO - 0.000 - -
11 SWKO - 0.000 - -
12 KPINV V12 0.000 - -
13 PHIBR \Y 0.950 - -
14 STPHIB VK1 -8.5x10~* - -
15 SLPHIB - 0.000 - -
16 SL2PHIB - 0.000 - -
17 SWPHIB - 0.000 - -
18 BETSQ AV~2 3.709x10* - -
19 ETABETR - 1.300 - -
20 SLETABET - 0.000 - -
21 FBET1 - 0.000 - -
22 LP1 m 0.8x107° 1.0x10710
23 FBET2 - 0.000 - -
24 LP2 m 0.8x10°° 1.0x107%° -
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31
32
33
34
35
36
37
38
39
40
41
42
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44
45
46
47
48
49
50
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53
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THESRR
ETASR
SWTHESR
THEPHR
ETAPH
SWTHEPH
ETAMOBR
STETAMOB
SWETAMOB
NU

NUEXP
THERR
ETAR
SWTHER
THER1
THER2
THESATR
ETASAT
SLTHESAT
THESATEXP
SWTHESAT
THETHR
THETHEXP
SWTHETH
SDIBLO
SDIBLEXP
MOO

MOR
MOEXP
SSFR
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Vfl/Z
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0.400
0.650
0.000
1.29%1072
1.350
0.000
1.40
0.000
0.000
2.000
5.250
0.155
0.950
0.000
0.000
1.000
0.500
1.040
1.000
1.000
0.000
1.0x1073
1.000
0.000
1.0x1074
1.350
0.000
0.000
1.340
6.25x1073

1.000

1.0x107%0
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
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SLSSF
SWSSF
ALPR
SLALP
ALPEXP
SWALP
VP
LMIN
AlR
STAl
SLA1
SWA1
AZR
SLA2
SWA?2
A3R
SLA3
SWA3
IGINVR
BINV
IGACCR
BACC
VFBOV
KOV
IGOVR
AGIDLR
BGIDL
STBGIDL
CGIDL
TOX

AV—?
\Y
AV—?

Vv
V1/2
AV~2
A\Vass

VK1
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1.000
0.000
1.0x1072
1.000
1.000
0.000
5.0x107?
1.5x10~
6.000
0.000
0.000
0.000
38.00
0.000
0.000
1.000
0.000
0.000
0.000
48.00
0.000
48.00
0.000
2.500
0.000
0.000
41.00
-3.638x 10~
0.000
3.2x10°°
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0.000 -
0.000 -
0.000 -
0.000 -

1.0x10712

0.000 -
0.000 -
0.000 -

0.000 -
1.0x107%2
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88
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94

COL
GATENOISE
NT

NFAR

NFBR

NFCR

DTA
MULT
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V71m74
V~im—2

V—l
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3.2x10°16 - -
0.000 0.000 1.000
1.624x10°%  0.000 -
1.573x10% - -
4.752x10° - -
0.000 - -
2.000x10°% - -
1.000x10° - -
0.000 - -
1.000 0.000 -

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

The default values and clipping values of the additional parameters for the (n-channel) model includ-
ing self-heating (see Section 4.2) are listed in the table below.

No.

95
96
97
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Parameter
RTH
CTH

ATH

Units
K/W
JIK

Default Clip low Clip high
300.0 0.000 -
3.0x107° 0.000 -
0.000 - -
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8.3.2 Parameter Clipping and Default Values for Physical Geometrical Scaling Rules of the
P-channel Model

The default values and clipping values for the parameters of the physical geometrical scaling rules of
MOS Model 11 (p-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 11020 - -
1 LVAR m 0.000 - -
2 LAP m 4.0%10°8 - -
3 WVAR m 0.000 - -
4 WOT m 0.000 - -
5 TR °C 21.0 -273.15 -
6 VFB \Y -1.050 - -
7 STVFB VK1 0.5x10°3 - -
8 KOR V12 0.500 - -
9 SLKO - 0.000 - -
10 SL2KO - 0.000 - -
11 SWKO - 0.000 - -
12 KPINV V12 0.000 - -
13 PHIBR \Y 0.950 - -
14 STPHIB VK1 -8.5x10~* - -
15 SLPHIB - 0.000 - -
16 SL2PHIB - 0.000 - -
17 SWPHIB - 0.000 - -
18 BETSQ AV~2 1.150x10* - -
19 ETABETR - 0.500 - -
20 SLETABET - 0.000 - -
21 FBET1 - 0.000 - -
22 LP1 m 0.8x107° 1.0x10710 -
23 FBET2 - 0.000 - -
24 LP2 m 0.8x107° 1.0x10710

25 THESRR V-1 0.730 - -
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

ETASR
SWTHESR
THEPHR
ETAPH
SWTHEPH
ETAMOBR
STETAMOB
SWETAMOB
NU

NUEXP
THERR
ETAR
SWTHER
THER1
THER2
THESATR
ETASAT
SLTHESAT
THESATEXP
SWTHESAT
THETHR
THETHEXP
SWTHETH
SDIBLO
SDIBLEXP
MOO

MOR
MOEXP
SSFR
SLSSF

MOS Model 11, Level 1102

Vfl/Z
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0.500
0.000
1.0x1073
3.750
0.000
3.000
0.000
0.000
2.000
3.230
0.080
0.400
0.000
0.000
1.000
0.200
0.860
1.000
1.000
0.000
0.5x1073
1.000
0.000
1.0x1074
1.350
0.000
0.000
1.340
6.25x1073
1.0000

1.000

1.0x107%0
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56 SWSSF - 0.000 - -
57 ALPR - 1.0x1072 - -
58 SLALP - 1.000 - -
59 ALPEXP - 1.000 0.000 -
60 SWALP - 0.000 - -
61 VP \Y 5.0x1072 - -
62 LMIN m 1.5x10°7 1.0x107°  25x10°®
63 A1R - 6.000 - -
64 STAL K1 0.000 - -
65 SLA1 - 0.000 - -
66 SWA1 - 0.000 - -
67 A2R \% 38.00 - -
68 SLA2 - 0.000 - -
69 SWA2 - 0.000 - -
70 A3R - 1.000 - -
71 SLA3 - 0.000 - -
72 SWA3 - 0.000 - -
73 IGINVR AV2 0.000 0.000 -
74 BINV \Y 87.50 0.000 -
75 IGACCR AV2 0.000 0.000 -
76 BACC \% 48.00 0.000 -
77 VFBOV \% 0.000 - -
78 KoV V12 2.500 1.0x107%2 -
79 IGOVR AV2 0.000 0.000 -
80 AGIDLR AV-3 0.000 0.000 -
81 BGIDL \Y 41.00 0.000 -
82 STBGIDL VK1 -3.638x107* - -
83 CGIDL - 0.000 0.000 -
84 TOX m 3.2x10°° 1.0x107%2 -
85 coL F 3.2x10716 - -
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86 GATENOISE - 0.000 0.000 1.000
87 NT J 1.624x10-2°  0.000 -
88 NFAR V-im=*  3.825x10% - -
89 NFBR V~Im=2 1.015x10° - -
90 NFCR \Van 7.300x1078 - -
91 L m 2.000x10°% - -
92 w m 1.000x107° - -
93 DTA K 0.000 - -
94 MULT - 1.000 0.000 -

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

The default values and clipping values of the additional parameters for the (p-channel) model includ-
ing self-heating (see Section 4.2) are listed in the table below.

No. Parameter Units Default Clip low Clip high
95 RTH K/W 300.0 0.000 -
96 CTH JIK 3.0x107° 0.000 -
97 ATH - 0.000 - -
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8.4 Parameter Clipping and Default Values for the Binning Geometrical Scaling Rules

8.4.1 Parameter Clipping and Default Values for Binning Geometrical Scaling Rules of the
N-channel Model

The default values and clipping values for the parameters of the binning geometrical scaling rules of
MOS Model 11 (n-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 11021 - -
LVAR m 0.000 - -
2 LAP m 4.000x10°% - -
3 WVAR m 0.000 - -
4 WOT m 0.000 - -
5 TR °C 21.0 -273.15 -
6 VFB \Y -1.050 - -
7 POKO V12 0.500 - -
8 PLKO V12 0.000 - -
9 PWKO V12 0.000 - -
10 PLWKO V12 0.000 - -
11 KPINV V12 0.000 - -
12 POPHIB \Y} 0.950 - -
13 PLPHIB \Y 0.000 - -
14 PWPHIB \Y 0.000 - -
15 PLWPHIB \Y 0.000 - -
16 POBET AV2 1.922x10°% - -
17 PLBET AV~2 0.000 - -
18 PWBET AV2 0.000 - -
19 PLWBET AV~2 0.000 - -
20 POTHESR vt 3.562x10°t - -
21 PLTHESR Vo 0.000 - -
22 PWTHESR Vo 0.000 - -
23 PLWTHESR V! 0.000 - -
24 POTHEPH s 1.290x102 - -
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
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PLTHEPH
PWTHEPH
PLWTHEPH
POETAMOB
PLETAMOB
PWETAMOB
PLWETAMOB
POTHER
PLTHER
PWTHER
PLWTHER
THER1
THER?2
POTHESAT
PLTHESAT
PWTHESAT
PLWTHESAT
POTHETH
PLTHETH
PWTHETH
PLWTHETH
POSDIBL
PLSDIBL
PWSDIBL
PLWSDIBL
POMO
PLMO
PWMO
PLWMO
POSSF

MOS Model 11, Level 1102

V—l
Vfl
Vfl

Vfl/Z

0.000

0.000

0.000

1.400

0.000

0.000

0.000
8.120x 1072
0.000

0.000

0.000

0.000

1.000
2.513x1071
0.000

0.000

0.000
1.0x107°
0.000

0.000

0.000
8.530x 10
0.000

0.000

0.000

0.000

0.000

0.000

0.000
1.200x 1072
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

106

PLSSF
PWSSF
PLWSSF
POALP
PLALP
PWALP
PLWALP
VP
POMEXP
PLMEXP
PWMEXP
PLWMEXP
POA1
PLAl
PWA1
PLWA1
POAZ2
PLAZ2
PWA2
PLWA2
POA3
PLA3
PWA3
PLWA3
POIGINV
PLIGINV
PWIGINV
PLWIGINV
POBINV
PLBINV

V—1/2
Vfl/Z
Vfl/Z

< < < < !

MOS Model 11, Level 1102

0.000
0.000
0.000
2.500x 1072
0.000
0.000
0.000
5.000x 102
0.200
0.000
0.000
0.000
6.022
0.000
0.000
0.000
3.802x 1071
0.000
0.000
0.000
6.407x1071
0.000
0.000
0.000
0.000
0.000
0.000
0.000
4.800x10*!
0.000
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85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
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PWBINV
PLWBINV
POIGACC
PLIGACC
PWIGACC
PLWIGACC
POBACC
PLBACC
PWBACC
PLWBACC
VFBOV
KOV
POIGOV
PLIGOV
PWIGOV
PLWIGQOV
POAGIDL
PLAGIDL
PWAGIDL
PLWAGIDL
POBGIDL
PLBGIDL
PWBGIDL
PLWBGIDL
POCGIDL
PLCGIDL
PWCGIDL
PLWCGIDL
TOX
POCOX

MOS Model 11, Level 1102

0.000

0.000

0.000

0.000

0.000

0.000
4.800x10*!
0.000

0.000

0.000

0.000

2.500

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
4.100x10*!
0.000

0.000

0.000

0.000

0.000

0.000

0.000
3.200x107°
2.980x 10~

1.0x107%2
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115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

108

PLCOX
PWCOX
PLWCOX
POCGDO
PLCGDO
PWCGDO
PLWCGDO
POCGSO
PLCGSO
PWCGSO
PLWCGSO
GATENOISE
NT
PONFA
PLNFA
PWNFA
PLWNFA
PONFB
PLNFB
PWNFB
PLWNFB
PONFC
PLNFC
PWNFC
PLWNFC
POTVFB
PLTVFB
PWTVFB
PLWTVFB
POTPHIB

MOS Model 11, Level 1102

0.000

0.000

0.000
6.392x10°1°
0.000

0.000

0.000
6.392x 101
0.000

0.000

0.000

0.000
1.624x10~%
8.323x10%
0.000

0.000

0.000
2.514x10%7
0.000

0.000

0.000

0.000

0.000

0.000

0.000
5.000x 104
0.000

0.000

0.000
-8.500x 104

0.000
0.000
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145 PLTPHIB VK1 0.000 - -
146 PWTPHIB VK1 0.000 - -
147 PLWTPHIB VK1 0.000 - -

148 POTETABET - 1.300 - -
149 PLTETABET - 0.000 - -
150 PWTETABET - 0.000 - -
151 PLWTETABET - 0.000 - -
152 POTETASR - 0.650 - -
153 PLTETASR - 0.000 - -
154 PWTETASR - 0.000 - -
155 PLWETASR - 0.000 - -
156 POTETAPH - 1.350 - -
157 PLTETAPH - 0.000 - -
158 PWTETAPH - 0.000 - -
159 PLWETAPH - 0.000 - -
160 POTETAMOB K1 0.000 - -
161 PLTETAMOB K1 0.000 - -
162 PWTETAMOB K1 0.000 - -
163 PLWTETAMOB K1 0.000 - -
164 NU - 2.000 1.000 -
165 POTNUEXP - 5.250 - -
166 PLTNUEXP - 0.000 - -
167 PWTNUEXP - 0.000 - -
168 PLWTNUEXP - 0.000 - -
169 POTETAR - 0.950 - -
170 PLTETAR - 0.000 - -
171 PWTETAR - 0.000 - -
172 PLWTETAR - 0.000 - -
173 POTETASAT - 1.040 - -
174 PLTETASAT - 0.000 - -
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175
176
177
178
179
180
181
182
183
184
185
186
187
188

PWTETASAT

PLWTETASAT -

POTAL
PLTA1
PWTAL
PLWTA1
POTBGIDL
PLTBGIDL
PWTBGIDL
PLWTBGIDL
L

W

DTA

MULT

Kfl
Kfl

MOS Model 11, Level 1102

0.000

0.000

0.000

0.000

0.000

0.000
-3.638x 1074
0.000

0.000

0.000
2.000x10°®
1.000x10°
0.000

1.000

Unclassified Report

0.000 -

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

The default values and clipping values of the additional parameters for the (n-channel) model includ-
ing self-heating (see Section 4.2) are listed in the table below.

No.
189
190
191

110

Parameter
RTH
CTH
ATH

Units
K/W
JIK

Default
300.0
3.0x107°
0.000

Clip low Clip high
0.000 -

0.000 -
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8.4.2 Parameter Clipping and Default Values for Binning Geometrical Scaling Rules of the
P-channel Model

The default values and clipping values for the parameters of the binning geometrical scaling rules of
MOS Model 11 (p-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 11021 - -
1 LVAR m 0.000 - -
2 LAP m 4.000x10°% - -
3 WVAR m 0.000 - -
4 WOT m 0.000 - -
5 TR °C 21.0 -273.15 -
6 VFB \Y -1.050 - -
7 POKO vi/2 0.500 - -
8 PLKO V12 0.000 - -
9 PWKO V12 0.000 - -
10 PLWKO V12 0.000 - -
11 KPINV V12 0.000 - -
12 POPHIB \Y} 0.950 - -
13 PLPHIB \Y 0.000 - -
14 PWPHIB \Y 0.000 - -
15 PLWPHIB \Y 0.000 - -
16 POBET AV2 3.814x10* - -
17 PLBET AV~2 0.000 - -
18 PWBET AV2 0.000 - -
19 PLWBET AV~2 0.000 - -
20 POTHESR s 7.300x10°% - -
21 PLTHESR Vo 0.000 - -
22 PWTHESR Vo 0.000 - -
23 PLWTHESR V! 0.000 - -
24 POTHEPH vt 1.000x107% - -
25 PLTHEPH s 0.000 - -
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26 PWTHEPH vt 0.000 - -
27 PLWTHEPH V! 0.000 - -
28 POETAMOB - 3.000 - .
29 PLETAMOB - 0.000 - .
30 PWETAMOB - 0.000 - -
31 PLWETAMOB - 0.000 - -
32 POTHER s 7.900x1072 - -
33 PLTHER \Van 0.000 - -
34 PWTHER v-1 0.000 - -
35 PLWTHER vt 0.000 - -
36 THER1 \% 0.000 - -
37 THER2 \% 1.000 - -
38 POTHESAT V! 1.728x10°t - -
39 PLTHESAT V! 0.000 - -
40 PWTHESAT V! 0.000 - -
41 PLWTHESAT V! 0.000 - -
42 POTHETH \Vas 0.000 - -
43 PLTHETH \Vas 0.000 - -
44 PWTHETH V-3 0.000 - -
45 PLWTHETH V3 0.000 - -
46 POSDIBL V12 3.551x107° - -
47 PLSDIBL V12 0.000 - -
48 PWSDIBL V12 0.000 - -
49 PLWSDIBL V12 0.000 - -
50 POMO - 0.000 - -
51 PLMO - 0.000 - )
52 PWMO - 0.000 - -
53 PLWMO - 0.000 - -
54 POSSF V12 1.000x1072 - -
55 PLSSF V12 0.000 - -
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56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
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PWSSF
PLWSSF
POALP
PLALP
PWALP
PLWALP
VP
POMEXP
PLMEXP
PWMEXP
PLWMEXP
POA1
PLAl
PWAL
PLWA1
POAZ2
PLAZ2
PWA2
PLWA?2
POA3
PLA3
PWA3
PLWA3
POIGINV
PLIGINV
PWIGINV
PLWIGINV
POBINV
PLBINV
PWBINV

MOS Model 11, Level 1102

V—1/2
Vfl/Z

< < < < !

0.000
0.000
2.500x 1072
0.000
0.000
0.000
5.000x 102
0.200
0.000
0.000
0.000
6.858
0.000
0.000
0.000
5.732x10*1
0.000
0.000
0.000
4.254x1071
0.000
0.000
0.000
0.000
0.000
0.000
0.000
87.50
0.000
0.000
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86
87
88
89
90
o1
92
93
94
95
96
97
08
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

114

PLWBINV
POIGACC
PLIGACC
PWIGACC
PLWIGACC
POBACC
PLBACC
PWBACC
PLWBACC
VFBOV
KOV
POIGOV
PLIGOV
PWIGOV
PLWIGOV
POAGIDL
PLAGIDL
PWAGIDL
PLWAGIDL
POBGIDL
PLBGIDL
PWBGIDL
PLWBGIDL
POCGIDL
PLCGIDL
PWCGIDL
PLWCGIDL
TOX
POCOX
PLCOX

MOS Model 11, Level 1102

0.000
0.000
0.000
0.000
0.000
48.00
0.000
0.000
0.000
0.000
2.500
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
4,100x10*!
0.000
0.000
0.000
0.000
0.000
0.000
0.000
3.2x107°
2.717x1074
0.000

Unclassified Report

©Koninklijke Philips Electronics N.V. 2004



Unclassified Report

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
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PWCOX
PLWCOX
POCGDO
PLCGDO
PWCGDO
PLWCGDO
POCGSO
PLCGSO
PWCGSO
PLWCGSO
GATENOISE
NT
PONFA
PLNFA
PWNFA
PLWNFA
PONFB
PLNFB
PWNFB
PLWNFB
PONFC
PLNFC
PWNFC
PLWNFC
POTVFB
PLTVFB
PWTVFB
PLWTVFB
POTPHIB
PLTPHIB

MOS Model 11, Level 1102

M m M M M m M M M m

V-m-4
V-Im-4
V-1m—4
V-1m—4
V~im=?
V~im=?

V-1m—2

0.000

0.000
6.358x 10 1°
0.000

0.000

0.000
6.358x 10 1°
0.000

0.000

0.000

0.000
1.624x10~%
1.900x10%
0.000

0.000

0.000
5.043x10°
0.000

0.000

0.000
3.627x1071°
0.000

0.000

0.000
0.5x1073
0.000

0.000

0.000
-8.5x107*
0.000
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146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

116

PWTPHIB VK1
PLWTPHIB VK1
POTETABET

PLTETABET
PWTETABET

PLWTETABET

POTETASR
PLTETASR

PWTETASR -
PLWETASR -
POTETAPH -
PLTETAPH -
PWTETAPH -
PLWETAPH -
POTETAMOB K~
PLTETAMOB K-t
PWTETAMOB K-t
PLWTETAMOB K~
NU -
POTNUEXP

PLTNUEXP
PWTNUEXP

PLWTNUEXP

POTETAR -
PLTETAR

PWTETAR -
PLWTETAR

POTETASAT
PLTETASAT

PWTETASAT

MOS Model 11, Level 1102 Unclassified Report

0.000
0.000
0.500
0.000
0.000
0.000
0.500
0.000
0.000
0.000
3.750
0.000
0.000
0.000
0.000
0.000
0.000
0.000
2.000
3.230
0.000
0.000
0.000
0.400
0.000
0.000
0.000
0.860
0.000
0.000
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176 PLWTETASAT - 0.000 - -
177 POTAL K1 0.000 - -
178 PLTA1 K1 0.000 - -
179 PWTAL K1 0.000 - -
180 PLWTAL K-1 0.000 - -

181 POTBGIDL VK1 -3.638x107* - -
182 PLTBGIDL VK1 0.000 - -
183 PWTBGIDL VK1 0.000 - -
184 PLWTBGIDL VK™ 0.000 - -

185 L m 2.000x10°% - -
186 W m 1.000x107° - -
187 DTA K 0.000 - -
188 MULT - 1.000 0.000 -

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

The default values and clipping values of the additional parameters for the (p-channel) model includ-
ing self-heating (see Section 4.2) are listed in the table below.

No. Parameter Units Default Clip low Clip high
189 RTH K/W 300.0 0.000 -
190 CTH JIK 3.0x107° 0.000 -
191 ATH - 0.000 - -
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9 Pstar Specific Items

9.1 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,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.
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9.2 DC Operating Point Output

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 linearized internal elements are given. In
some cases meaningful quantities can be derived which are then also given (e.g. ). The objective of
the DC operating point facility is twofold:

e Calculate small-signal equivalent circuit element values

e Open a window on the internal bias conditions of the device and its basic capabilities.

Below the printed items are described. Here C,y, indicates the derivative of the charge Q at terminal
X to the voltage at terminal y, when all other terminals remain constant.

No. Symbol Program Units Description

Name

0 Ibs IDS A Drain current, excl. avalanche and tunnel currents

1 L IAVL A Substrate current due to weak-avalanche

2 Iss IGS A Gate-to-source current due to direct tunnelling

3 lep IGD A Gate-to-drain current due to direct tunnelling

4 Ioe 1GB A Gate-to-bulk current due to direct tunnelling

5 Vbs VDS \V Drain-source voltage

6 Vs VGS \V Gate-source voltage

7 Vsg VSB \V Source-bulk voltage

8 Vo VTO \V Zero-bias threshold wvoltage: Voo = Vi + Pp -
(P +2-¢1) + ko - /5 +2- 67

9 Vs VTS \V Threshold voltage including back-bias effects: Vis = Vg +
Po - (Vsg, +2-¢1) — (Vsg, — ¢8) + ko - \/Vsg, + 2 - 1

10 Vi VTH \Y/ Threshold voltage including back-bias and drain-bias effects:

Vih = Vs + Po - (VSBt +2- ¢T) - (VSBt - ¢B) + ko -
v/ Vsgy +2-¢1 — AVg

11 Ver VGT \% Effective gate drive voltage including back-bias and drain
voltage effects: Vot = Viny,

12 Vpsar VDSS \/ Drain saturation voltage at actual bias

13 Vbs VSAT V Saturation limit: Vbse = Vbs — Vosar

14 g, GM A/ Transconductance (assumed Vps > 0): gy, = dIps / Vs

15 gy GMB A/V  Substrate-transconductance (assumed Vbs > 0): Gy =
dlps /9Ves

16 gy GDS AV Output conductance: gys = dlps /3 Vps

Tn

17 Cppy CDD Com) = 0Qp /9 Vps
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No. Symbol Program Unit Description
Name
18 Cpe  CDG
19 Cps) CDS
20 Cppy CDB
21 Cgpy CGD
22 Cge CGG
23 Cg(s) CGS
24 Cep)  CCGB Co@) = Qs /3 Vss
25 GCspy CSD Csp) = —9Qs /3 Vbs

F Cpe) = —9Qp /0 Ves
F
F
F
F
F
F
F
26 Cse CSG F Csie) = —9Qs /9 Vs
F
F
F
F
F
F
F

Cps) = Cpp) — Cp) — Cope)
Coe) = 9Qp /0 Vss

Cop) = —9Qg /0 Vbs

Co) = 0Qg /9 Ves

Ces) = Co6) — Co(p) — Co(B)

27 Css) CSS Css) = Cs(e) + Csp) + Cs(B)
28 Cs@ CSB Cse) = Qs /9 Vs

29 Cgpy CBD Ce) = —9Qg /8 Vbs

30 Cse CBG Cee) = —9Q& /8 Ves

31 GCgs CBS Ce(s) = Ce@) — CBO) — Co(e)
32 Cse CBB Coe) = —9Qp /3 Vss

33 Cep,y CGDOL Gate-drain overlap capacitance of the actual transistor:
Coboy = —9Qoy, /8Vbs

34 Cgs,y, CGSOL F Gate-source overlap capacitance of the actual transistor:
Cosov = 3Qov, /9 Vs

3B We WEFF m Effective channel width for geometrical models

36 Lg LEFF m Effective channel length for geometrical models

37 u U - Transistor gain: u = g, /Jas

38 Rt ROUT Q Small-signal output resistance: Ryy = 1 / O4s

39 Veay VEARLY V Equivalent Early voltage: Vearny = |Ips| / O4s

40 Kegt KEFF vV Body effect parameter: kefr = ko

41 Pest BEFF A/V?  Gain factor: et = 2 - |Ips| /\/im,o2

42 FUG Hz Unity gaigrjl frequency at actual bias: fr =

m

2n<CG(G)+CGSOV+CGDOV)

43 /Svgy SQRTSFW VIv/Hz Input-referred RMS white noise voltage density: /Svey =
vV Sth /gm

44 /Svgq SQRTSFF V/+/Hz Input-referred RMS white noise voltage density at 1 kHz:

45  finee FKNEE Hz Cross-over frequency above which white noise is dominant:
funee = 1HZ - 54 (1Hz) /Sth
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A Auxiliary Equations
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B Coefficients in the binning rules for geometry scaling

In this Appendix we will derive expressions for the coefficients in the binning scaling rules, B, P,
Pw, and Ppw, as given in Sections 5.2 and 5.2.2. These coefficients will be expressed in terms of

parameter values at the corners of bin (Lmin, Wiin), (Lmins Wmax)s (Lmaxs Wmax), and (Lmax, Win)
(see Fig. B.1).

o o
I-max ’Wmax Lmax ! Wmin
o o |_
I-min ’Wmax I-min ) VVmin
W

Figure B.1: Schematic view of a bin, showing the four corners (Lmin, Wmin), (L min,
Wiax), (Lmax, Wmax), and (Lmax, Wmin)-

B.1 Coefficients for type I scaling

LE, min - WE, min
Po = : ' - P(LE min. WE, min)
(LE, max — LE’ min) . (WE, max — WE, mm) min min

I—E min 'WE max
- ' ' - P(Lg, min, WE, max)
(LE, max — I—E, min) . (WE, max — WE, min) m e

I—E, max * WE, max

- P (LE max: We, max)
(LE, max — LE min) - (WE, max — WE, min) E, max, YYE, max
Le max ° WE, min
- ' ' - P(Lg, max. We, min) B.1
(I—E, max — I—E, min) * (WE, max — WE, min) max min ( )
L Le i - We i
PL - _ E, max E, min E, min P(LE, . WE’ min)

(LE, max — I—E, min) : (WE, max — WE, min) .
I—E, max * I—E, min * WE, max )

(LE, max — I—E, min) : (WE, max — WE, min)
I—E max * I—E min * WE max

- ' ' ' - P(Lg max> WE, max)

(LE, max — LE, min) . (WE, max — WE, min) e e

I—E, max * I—E, min * WE, min

(LE, max — I—E, min) : (WE, max — WE, min) .

P (LE, mins WE, max)

P(I—E, max WE, min) (B.2)

. LE, min * WE, max * WE, min
(LE, max — I—E, min) * (WE, max — WE, min)
I—E, min * WE, max * WE, min
(LE, max — LE, min) . (WE, max — WE, min)

. P(LE, min» WE, min)

_l’_

-P (LE, min» WE, max)
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+ I—E, max * WE, max ° WE, min

(LE, max — I—E, min) * (WE, max — WE, min)
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. P(I—E, max WE, max)

. P(LE, max» WE, min)

I—E, max * I—E, min *

WE, max * WE, min

PLw

(LE, max — I—E, min) '
I—E, max * I—E, min *

- P(LE, min, WE, mi
(WE, o —WE, min) ( E, min E, mln)

WE, max * WE, min

(LE, max — I—E, min) '
I—E, max * I—E, min *

- P(LE, min, WE, max)
(WE, max — WE, min) e e

WE, max * WE, min

(LE, max — I—E, min) .
I—E, max * I—E, min *

- P(Lg, max» WE, max)
(WE, max — WE, min) B max & max

WE, max * WE, min

(LE, max — I—E, min) '

- P(LE max» WE, mi
(WE, max — WE, min) ( B max = mln)

B.2 Coefficients for type Il scaling

I—E max * WE max
Po = ’ ' - P(Lg min, WE min)
’ (Lg, max — LE, min) - (WE, max — WE, min) E, min E, min
I—E max * WE min
- ' ’ - P(Le, min. We, max)
(LE, max — I—E, min) * (WE, max — WE, min) £ min E, max
I—E min * WE min
- ' ’ P (Le, max. We, ma)
(LE max — LE, min) - (WE max — WE min) E, max E, max
I—E min 'WE max
N ’ ’ - P(LE max: WE, min)
(Lg, max — L min) - (WE, max — WE, min) E, max E, min
WE max
P = -— , P (Le min. We min)
- (Lg, max — LE, min) - (WE, max — WE, min) E, min E, min
+ WE, min P(Le i W :
: , min» .m
(L, max — LE, min) - (Wg, max — WE, min) ! ax
WE, min
B ' - P(LE max: WE, max)
(Le, max — LE, min) - (WE, max — WE, min) E, max E, max
WE max
* ’  P(Le.moe We, min)
(I—E, max — I—E, min) * (WE, max — WE, min) . max E, min
I:)W = — I—E, max ) P(LE] . WE’ min)
(L, max — L, min) - (Wg, max — WE, min)
I—E max
* ' P (Le min, We, ma)
(LE max — LEg min) - (Wg, max — WE, min) E, min E, max
I—E min
B | - P(LE max: WE max)
(Lg, max — LE, min) - (WE, max — WE, min) max max
LE, min
+ ’ - P(LE max: WE, min)
(I—E, max — I—E, min) * (WE, max — WE, min) E, max E, min
1
v = - P(LE, min, WE, min)

(LE, max — I—E, min)

. (WE, max — WE, min)
1

(LE, max — I—E, min)
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1
i P (LE maxs W ma)
(Lg, max — LE, min) - (WE, max — WE, min) E, max E, max

1

- - P(LE max: WE, min) B.8
(LE, max — I-E, min) (WE, max — WE, min) E, max E, min ( )

B.3 Coefficients for type 111 scaling

I—E min * WE max
PO = —_ ' ) . P(L . W . )
(LE, max — LE, min) - (WE, max — WE, min) E, min E, min

LE, min * WE, min

i P (L min, W
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- e, max - We, mi -P(Le WE, max)
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L
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I—E, max

B - P(Le max. We mi B.11
(LE, max — Lg min) - (WE, max — WE, min) E, max E, min) ( )

LE, max - LE, min
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(LE, max — I—E, min) . (WE, max — WE, min) .

©K0ninklijke Philips Electronics N.V. 2004 129



NL-TN 2004/00085— April 2005 MOS Model 11, Level 1102 Unclassified Report

130 ©Konink|ijke Philips Electronics N.V. 2004



	Introduction
	Structural Elements of MOS Model 11
	Structure of this Technical Note

	Physics
	Comments and Physical Background
	List of Parameters for an Individual Transistor
	List of Physical Constants
	List of Input Variables for an Individual Transistor
	Comments on Current Equations
	Comments on Charge Equations
	Comments on Noise Equations

	Calculation of Temperature-Dependent Parameters
	Basic Equations
	Internal Parameters
	Basic Current Equations
	Basic Charge Equations
	Basic Noise Equations


	Nomenclature
	General Remarks
	List of Input Variables and Quantities
	List of Numerical Constants
	List of Circuit Simulator Variables

	List of Electrical Quantities and Variables
	External Electrical Quantities and Variables
	Internal Electrical Quantities and Variables

	List of Reference & Scaling Parameters
	List of Reference & Scaling Parameters for Physical Geometrical Scaling
	List of Reference & Scaling Parameters for Binning Geometrical Scaling


	Embedding
	Embedding MOS Model 11 in a Circuit Simulator
	Self-Heating

	Preprocessing and Clipping
	Calculation of Transistor Geometry
	Calculation of Geometry-Dependent Parameters
	Calculation of Geometry-Dependent Parameters using the Physical Scaling Rules
	Calculation of Geometry-Dependent Parameters using the Binning Scaling Rules

	Calculation of Temperature-Dependent Parameters
	Clipping

	Implemented Model Equations
	Numerical Adaptations
	Extended Equations
	Internal Parameters
	Extended Current Equations
	Extended Charge Equations
	Extended Noise Equations


	Parameter Extraction
	Measurements
	Extraction of Miniset Parameters at Room Temperature
	Extraction of Temperature Scaling Parameters
	Extraction of Geometry Scaling Parameters

	Parameter Clipping and Default Values
	Introduction
	Parameter Clipping and Default Values for the Electrical Model
	Parameter Clipping and Default Values for the Electrical N-channel Model
	Parameter Clipping and Default Values for the Electrical P-channel Model

	Parameter Clipping and Default Values for the Physical Geometrical Scaling Rules
	Parameter Clipping and Default Values for Physical Geometrical Scaling Rules of the N-channel Model
	Parameter Clipping and Default Values for Physical Geometrical Scaling Rules of the P-channel Model

	Parameter Clipping and Default Values for the Binning Geometrical Scaling Rules
	Parameter Clipping and Default Values for Binning Geometrical Scaling Rules of the N-channel Model
	Parameter Clipping and Default Values for Binning Geometrical Scaling Rules of the P-channel Model


	Pstar Specific Items
	Syntax
	DC Operating Point Output

	References
	Auxiliary Equations
	Coefficients in the binning rules for geometry scaling
	Coefficients for type I scaling
	Coefficients for type II scaling
	Coefficients for type III scaling


