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Abstract: 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 modern
and future CMOS technologies, such as e.g. gate tunnelling current, influ-
ence 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 physical background
is given, and a basic parameter extraction procedure is described. The com-
plete 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 modeips MODEL 11, Level 1100, has been put in the
public domain in April 2001. Future changes and additions to the model will be documented by
extending or changing the documentation in this Unclassified Report.

History of Model

April 2001 : Release ofmos MODEL 11, level 1100, test version

December 2001 : Release ofmos MODEL 11, level 1100, version 0 (1100.0)

Errors corrected in model equations:

e Internal parameteYmi; changed from 5¢t to 4 - ¢r (pagesls, 46)

December 2002 : Release ofm0s MODEL 11, level 1100, version 1 (1100.1)
Error corrected in model equations:

e Inthe model expressions, source and drain are internally interchangeégder 0, see Fig4.1
Overlap capacitance paramet&spo andCgso, however, should still be assigned to the exter-
nal drain and source, respectively. This was not the case in the previous release of the model,
but the error has been corrected in this update, seedFigNote that this does not affect the
model behaviour for normal MOSFETs wheZgpo = Cgso, but it may be of influence when
MOS MODEL 11 is used in a DMOS transistor model wh€&gpo # Caso

December 2003 : Release ofmos MODEL 11, level 1100, version 2 (1100.2)

Error corrected in model equations:
e The expression293 for thermal noise densit$, can give erroneous results in deep sub-
threshold (near the accumulation region). This problem was solved in this version, however not

satisfactorily. A more accurate solution valid over all operation regions has been implemented
in the next version (1100.3).

e Thermal noise densitgy, should be larger than or equal to zero for all possible parameter
values, see Sectighland eq. 6.10])

January 2004 : Release ofnos MODEL 11, level 1100, version 3 (1100.3)

Error corrected in model equations:

e The expression2.93 for thermal noise densitg;, can give erroneous results in deep sub-
threshold (near the accumulation region). This problem has been solved in the implemented
equations by using eg6(100, see furthermore Sectidhl

e Small change in description of flicker noise, see eR979 and 6.109. In order to take into
account velocity saturation, the fl-noise spectral density; is inversely proportional t&, s
instead ofG nop.

iv ©Koninklijke Philips Electronics N.V. 2004
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History of Documentation

April 2001 : Release ofmos MODEL 11, level 1100, test version

January 2002 : Release ofm0s MODEL 11, level 1100, version 0 (1100.0)
Errors and inconsistencies corrected in documentation:

e See remarks above in History of Model, December 2001
e Equation order in Chapters 2 and 6 have been slightly changed in order to improve consistency

e Erroneous equations have been corrected: eq. (2.34), eq. (6.29), eq. (6.36), eq. (6.47) and
eg. (6.100)

December 2002 : Release ofios MODEL 11, level 1100, version 1 (1100.1)
Errors corrected in documentation:

e See remarks above in History of Model, December 2002

December 2003 : Release ofmos MODEL 11, level 1100, version 2 (1100.2)
Errors corrected in documentation:

e See remarks above in History of Model, December 2003

January 2004 : Release ofnos MODEL 11, level 1100, version 3 (1100.3)
Errors corrected and new items added in documentation:

e See remarks above in History of Model, January 2004

June 2004
Errors corrected in documentation:

e Errorin eq. 6.46 corrected:es replaced by,

©Koninklijke Philips Electronics N.V. 2004 \Y
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1 Introduction

MOS Model 11 (MM11) is a new compact MOSFET model, intended for digital, analogue and RF cir-
cuit simulation in modern and future CMOS technologies. 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 behavipuil he latter is
especially important for analog and RF circuit design. The model furthermore gives an accurate de-
scription of the noise behaviour of MOSFETS.

MOS Model 11 gives a complete description of all transistor-action related quantities: nodal cur-
rents, 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. accumulation, depletion and inversion). Although in general the surface potential is implicitly
related to the terminal voltages and has to be calculated iteratively, in MM11 it has been approxi-
mated by an explicit expressio@][ 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, 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. This report
has been arranged in the same way as the unclassified report on MOS M8Hel 9 [

1.1 Structural Elements of MOS Model 11

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

e Model embedding: Itis convenient to use one single model for bpthandp—channel devices.
For this reason, anyp-channel device and its bias conditions are mapped onto those of an
equivalentn-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: forcrannel 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”. Each of these actual parameters can be determined by purely electrical measure-
ments. Since most of these parameters scale with geometry and temperature the process as a
whole is characterized by an enlarged set of parameters, which is denoted as the set of ref-
erence and scaling parameters, usually called the “maxiset”. This set of parameters contains
most of the actual parameters for a reference device, a large set of sensitivity coefficients and

©Koninklijke Philips Electronics N.V. 2004 1
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the reference conditions. From this, the actual parameters for an arbitrary transistor under non-
reference conditions are obtained by applying a set of transformation rules to the reference
parameters. The transformation rules describe the dependencies of the actual parameters on the
length, width, and temperature. This procedure is called preprocessing, as it is normally done
only once, prior to the actual electrical simulation.

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.

1.2 Structure of this Technical Note

After this introductory section, the physical background of the current, the charge and the noise
equations is discussed to elucidate the model. Next the basic equations are presented. To facilitate an
unambiguous discussion of these equations, the nomenclature of the parameter set for an individual
transistor 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, 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.

2 ©Koninklijke Philips Electronics N.V. 2004
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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 will be given. For the full details of the physical background of the drain-source channel
current equations the reader is referredliigf £],[4]-[6]. The gate current, charge and noise equations
have been newly developed and their physical background will be discussed in a future report. All
equations refered to are to be found in Secfidh

2.1.1 List of Parameters for an Individual Transistor
In this table the symbolic representation and the recommended programming names for the different

parameters of an individual transistor at the actual temperature are given. More information on the
nomenclature can be found in Secti&n

No. Parameter Program Units Description

Name
0 LEVEL - Must be 1100
Veg VFEB \Y Flat-band voltage for the actual transistor at the actual tem-
perature
Ko KO V12 Body-effect factor for the actual transistor
1/kp KPINV V12 Inverse of body-effect factor of the poly-silicon gate for the
actual transistor
4 0B PHIB \% Surface potential at the onset of strong inversion for the ac-
tual transistor at the actual temperature
B BET AV~2  Gain factor for the actual transistor at the actual temperature
Osr THESR V! Coefficient of the mobility reduction due to surface rough-
ness scattering for the actual transistor at the actual temper-
ature
7 Bpn THEPH V1 Coefficient of the mobility reduction due to phonon scatter-
ing for the actual transistor at the actual temperature
8 mob ETAMOB - Effective field parameter for dependence on deple-
tion/inversion charge for the actual transistor at the actual
temperature
9 v NU - Exponent of field dependence of mobility model at the ac-
tual temperature
10 6Rr THER V-1 Coefficient of the series resistance for the actual transistor at
the actual temperaturég = 2- 8 - Rg
11 6re THER1 V Numerator of the gate voltage dependent part of series resis-
tance for the actual transistor
12 br THER2 V Denominator of the gate voltage dependent part of series re-

sistance for the actual transistor

©Koninklijke Philips Electronics N.V. 2004 3
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No.

13

14

15

16

17
18

19
20
21
22

23

24

25

26

27

28

29
30
31

32

33

34

Parameter Program

Osat

Oth

Odibl

Mo

Osf

Vp

o1

lcinv
Binv
leacc

Bacc

VFBov

lcov
Cox
Cepo

Ceso

Name
THESAT V1
THETH V3

SDIBL V-2

MO .
SSF V172
ALP :
VP v
MEXP -
PHIT Vv
AL -
A2 v
A3 :
IGINV AV 2
BINV.  V
IGACC ~ AV2
BACC V
VFBOV  V
kov V12
IGov  AV2
COX F
CGDO F
CGSO F

MOS Model 11, Level 1100 Unclassified Report

Units Description

Velocity saturation parameter due to optical/acoustic
phonon scattering for the actual transistor at the actual tem-
perature

Coefficient of self-heating for the actual transistor at the ac-
tual 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
Thermal voltage at the actual temperature

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

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

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

©Koninklijke Philips Electronics N.V. 2004
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No. Parameter Program Units  Description
Name

35 - GATENOISE Flag for in/exclusion of induced gate thermal noise

36 Nt NT J Coefficient of the thermal noise for the actual transistor at
the actual temperature

37  Nga NFA V~Im~* First coefficient of the flicker noise for the actual transistor

38 Ngg NFB V~Im~2 Second coefficient of the flicker noise for the actual transis-
tor

39 Ngc NFC v-1 Third coefficient of the flicker noise for the actual transistor

40 oy TOX m Thickness of gate oxide layer

41  Nmuit MULT - Number of devices in parallel

Note: The parametet,y, is used for calculation of the effective oxide thickness (due to quantum-
mechanical effects) and thgflnoise, not for the calculation ¢f!!!

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 Ty TO K Offset for conversion from Celsius to Kelvin temperature
scale (273.15)
kg KB JKL Boltzmann constant (3806226 102°)
q Q C Elementary unit charge @021918 101°)
€ox EPSOX  Fnt! Absolute permittivity of the oxide layer
(3.453143800 107 1Y)
5 QMy QMN V m3C-3% Constant of guantum-mechanical behaviour of electrons
(5.951993000 10+%°)
6 QMp QMP V msC-3 Constant of guantum-mechanical behaviour of holes
(7.448711000 10+99)
7 XBy CHIBN V Tunnelling barrier height for electrons for Si/SiO2-structure
(3.100000000 10+%°)
7 XBp CHIBP \% Tunnelling barrier height for holes for Si/SiO2-structure

(4.500000000 10+°°)

©Koninklijke Philips Electronics N.V. 2004 5
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2.1.3 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 dggentthe 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 descriptionf 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 channellgyiisent

split up in a drift (4riz) and a diffusion [gj) component, which are a function of the gate biag and

the surface potential at the souragsf) and the drains ) side. In this waylps 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 potentials is defined as the electrostatic potential at the gate ox-
ide/substrate interface with respect to the neutral bulk (due to the band bending, s24 ).

For ann-MOS transistor with uniform doping concentration it can be calculated from the following
implicit relation:

2
(VGB—VFB—‘/fp_I//s) _ 1//s+¢T-[eXp(—%> —l}

ko
¢B+V . WS _
i exp(_ T+ my)- ¢T> [exp<(1+ Mo) - ¢T> 1}

whereV is the quasi-Fermi potential, which ranges frofxg at the source side tdpg at the drain

side. The parameteny has been added to model the non-ideal subthreshold behaviour of short-
channel transistots and vy, is the potential drop in the polysilicon gate material due to the poly-
depletion effect. The latter is given by

0 for: Veg < VB

Up =

2
kp?2  k
<\/VGB—VFB—1/fs+%—7P) for. Veg > Vrg

In Fig. 2.1(b) the surface potential is shown as a function of gate bias for a typitsgde MOS device.
The surface potentials is implicitly related to the gate biagsg and the quasi-Fermi potentisl,
and cannot be calculated analytically. It can only be calculated using an iterative solution, which in
general is computation-time consuming. In MOS Model 11 an explicit approximation of the surface
potential is used, which has partly been treate@]jnlp the inversion region\(gg > Vgg) the surface
potential is approximated bys = given by egs.2.8-(2.10 and @.17-(2.21), where variableAacc
is used to describe the influence of majority carriers. In the accumulation regign< Veg) the
surface potential is approximated iy, .. given by egs.%.22-(2.24). The total surface potentiats
is simply given byys + ¥saee-

Iparametemq = 0 for the ideal long-channel case.

2ForVGB < Vgg an accumulation layer is formed in both the substrate silicon and the gate polysilicon, in thig,case
is slightly negative and weakly dependent\dgg. This effect has been neglected.

6 ©Koninklijke Philips Electronics N.V. 2004



Unclassified Report MOS Model 11, Level 1100 June 2004 — NL-UR 2001/813

, V=1
S ) V=0
q-Vee 2
E 0 1 1
EC_TK#Q .l//p tox =3.2nm
EF N,=2*10" cm™
vvecrcecan -1
1
-1 0 1 2 3
g,— Ves - Vea (V)

Gate Oxide Substrate

(@)

Figure 2.1: (a) The energy band diagram ofnatype MOS transistor in inversion
(Ves > Vrg), Whereys is the surface potential), is the potential
drop in the gate due to the poly-depletion efféctis the quasi-Fermi
potential andpr is the intrinsic Fermi-potentiablg = 2 - ¢r).

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

(b)

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 voltager (i.e. the drain-source voltage
above which saturation occurs) corresponds to24d1). 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 voltaggsar is calculated using eq2.(L1)-(2.15. 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#hly introducing an effective drain-source biggs, which
changes smoothly frorps in the linear region td/psat in the saturation region, see eg.196.

A surface-potential-based model makes no use of threshold voltag€ircuit designers, however,

are used to think in terms of threshold voltage, and as a consequence it would be useful to have a
description ofVt in the framework of a surface-potential-model. It has been found that an accurate
expression of threshold voltage is simply given by:

2

k
VT=VFB+(l+k—02>'(VSB+¢>B+2-¢T)—VSB+k0'\/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 SectioB.3.

Channel Current: Neglecting the influence of gate and bulk current, the channel current can be
written as:

Ips = larift + laiff

©Koninklijke Philips Electronics N.V. 2004 7
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where ideally the drift componerg;i can be approximated by (fMgg > VEg):

2. [Vep — Vpp — 2%
larit = B - [ - ] —kO'\/wsL—szl//so (Vs — V)

1+\/1+é‘[VGB_VFB_w]

and the diffusion componergiz can be approximated by (fofgg > VEg):

tox
lait = B - ¢71 - (Qinv,. — Qinvg) - ==

€ox

In the latter equatiorQim,0 and Qiny, denote the inversion-layer charge density at the source and
drain side, respectively, which are given by e@s48-(2.45 (whereQin = —¢ox /tox - Viny).

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:

¢ 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\bMggiven by eqs.4.1D)-(2.7). An
effective drain-source voltagéps,, has been used to preserve non-singular behaviour in the
higher-order derivatives dbs atVps = 0 V.

e The effects of mobility reduction and series-resistance on channel current have been described
in [5], and have consequently been implemented using 26 @nd .40, respectively.

e The effect of velocity saturation has been modelled along the same lines as was dg}metim [
the exception of the electrical field distribution. 18] the influence of the electron velocity
saturation expression

=

o \/1+(M/Usat' EH)Z

was approximated assuming that the lateral electric figlth the denominator is constant and
equal to(ys. — ¥s,) /L. Here we assume th&, (in the denominator) increases linearly along
the channel (from O at the source to( s — Wso) /L at the drain), and obtain a more accurate
expression for velocity saturation, which has been implemented using.8§). (

e The effect of channel length modulation and self-heating on channel current have been de-
scribed in B], and have consequently been implemented using 839 (and .41), respec-
tively.

All the above effects can be incorporated into the channel current expression usi2g4&galid

eg. 2.48.

8 ©Koninklijke Philips Electronics N.V. 2004
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IG 1.E-09

® Measurements— MOS Model 11

1.E-10

1.E-11

lc (A)

1.E12

1.E-13

1.E-14

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 lgc (= les + lgp) and the gate-to-bulk currergg, and the ex-
trinsic, i.e. the gate/source and gate/drain overlap comporiepjs
(b) Measured and modelled gate current as a function of gaté/bias
atVps = Vsg = 0V, the different gate current components are also
shown. NMOS-transistoklV /L = 10/0.6um andtyx = 2nm.

Weak-Avalanche Current: At high drain bias, owing to the weak-avalanche effect (or impact ion-
ization), a currently, will flow between drain and bufk The description of the weak-avalanche
current has been taken from MOS Model3), [and is given by eq.2.49. 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
(Igs, lgp andlgg) due to the intrinsic MOS channel, and two componet@gv@ andlgoy ) due to
gate/source and gate/drain overlap region, seeZ=a).

For ann-type MOS transistor operating in inversion, the intrinsic gate current dedsitpnsists of
electrons tunnelling from the inversion layer to the gate, the so-called conductance band tunnelling,
which in general can be written a8][(for Veg > VEg):

Je ¢ —Vox - Qinv - Pun {Vox; x8; B}

whereVoy is the oxide voltage given byox = Veg— Vs —¥p—¥s. The carrier tunnelling probability
Pwn is a function of the oxide voltag€,y, the oxide energy barriefg as observed by the inversion-
layer carriers, and a parametr This probability is given by eq2(50, where both direct-tunnelling
for Vox < xg and Fowler-Nordheim tunnelling forox > xg have been taken into account.

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

3In reality part of the generated avalanche current will also flow from drain to soliraéig has been neglected.
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energy subband which lies xg above the conduction band. Assuming that only the lowest energy
subband is occupied by electrons, the value\gk can be given by eq2(67) [9]. As a result the
oxide barrieryg g has to be lowered by an amountafs, see eq.Z.68.

In inversion the total intrinsic gate current consists of electrons tunnelling from inversion layer to
gate, the so-called gate-to-channel curreyt These electrons are supplied by both soutge)(and

drain (Igp). The gate-to-channel currehtc can be calculated from:

L
IGC=W‘/ Jg-dX
0

wherex 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 channellgc can be calculated by eq.67-(2.77). In the same way the partitioning of

Igc into Igsandlgp can be calculated using:

IGS=W./0L(1—%>-JG-dx

L x
IGD:W‘/ — - Jo - dx
o L

which results in expressions fogs and lgp as given by eqs2(78-(2.80. The gate-to-channel cur-
rentlgc can be seen in Fi@.2(b) as a function of gate bias for a typiceMOS transistor at/ps = 0
(|e Igs= lgp = 1/2- IGC)-

For ann-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 i tigoe polysilicon gate.
Since the oxide energy barrier for electrong, is considerably lower than that for holgs,,, 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 delasitsin be written asj]

(fOf Vee < VFB)Z

Je & —Vox - Qacc* Pun {—Vox: x8: B}

where Q4cc is the accumulation charge density in the gate giveraol;zytox - Vox. In order to limit
calculation time the quantum-mechanical oxide barrier lowering in this case is neglected, and the re-
sulting expression folgg is given by eqs.Z.65-(2.66). The gate-to-bulk currerlisg can be seen in

Fig. 2.2 (b) as a function of gate bias for a typicalMOS transistor at/ps = 0.

Apart from the intrinsic componentig;c and Igg, considerable gate current can be generated in the
gate/source- and gate/drain-overlap regions. Concentrating on the gateismendap region, in

order to calculate the overlap gate current, the overlap region is treatechdsgate/oxided*-bulk

MOS capacitance where the source acts as bulk. Although the impurity doping concentration in the
nt-source extension region is non-uniform in both lateral and transversal direction, it is assumed that
an effective flat-band voltagérg., and body-factok,, can be defined for this structure. Furthermore

4In 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 imtheource regioty a surface potential
Yoy Can be calculated using:

_ _ _ 2
(VGS VEBov — Vpoy l/150v> — Y, + b1 [exp(%) _ 1}

I(OV T

where the potential drop in the polysilicon gate material due to the poly-depletion ¢ffeds given
by:

0 for: Vs < VrBov

Vpoy = — 2
(\/VGS— ViBov — Yoy + 4 — 7P> for: Vos > VeBov

Again the surface potentiakp, can be explicitly approximated, this is done by using eg5}-

(2.57.

For Vgs > VEgov @ Negatively charged accumulation layer is formed in the overlappesburce
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:

|Gov o —Vov - Qov - Pun {Vov: xB; B}

whereV,, is the oxide voltage for the gate/source-overlap \(cs — Vrov — Vpy, — Ysov)» diven

by egs. 2.58-(2.60, and Qo is the total charge density in the"-source region=£ —eqy/tox -

Vo). ForVes < Vegev the situation is reversed, a positively charged depletion layer is formed in
the overlapped*-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:

|G0V o Vov - Qov - Pun{—Vov; xB; B}

The overlap gate current components can now be given by 24)-(2.64). In Fig. 2.2 (b) the gate
overlap currentlg,, is shown as a function of gate bias for a typioaMOS transistor at/ps = 0

(i.e. lcoy = lGoyy)-

Forn-type andp-type MOS transistors the gate current behaviour is different due to the type of car-
riers that constitute the different gate current compoieftise difference is summarized in Tébl

2.1.4 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
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.

5Since 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.

6)tis 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.
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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 barriegg that has to be usedg,, 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
lc les/ lep les/ lep

Intrinsic Charges: In the intrinsic MOS transistor charges can be attributed to the four terminals.
The bulk chargeQg, which is determined by either the depletion charge {feg > Vgg) or the
accumulation charge (fofcg < VEg), can be calculated from:

L
Qe=W- /0 (Qtot — Qinv) - dX

whereQyq is the total charge density in the silicon bulR{; = —eox/tox - Vox). The total inversion-
layer chargeQiny is split up in a sourc&)s and a drainQp charge, they can be calculated using the
Ward-Dutton charge partitioning scheni€:

Qs=W'/0L(1—%>-Qinv-dX

L x
QD:W‘/ E’Qinv‘dx
0
Since charge neutrality holds for the complete transistor, the gate charge is simply given by:

Qe =-Qs—Qp— Qs

The above equations have been solved, and the charges are given y29£2(89. In these equa-

tions Cox is the effective oxide capacitance, which is smaller than the ideal oxide capadiignce

due to quantum-mechanical effects: Quantum-mechanically, the inversion/accumulation charge con-
centration is not maximum at the Si-Sihterface (as it would be in the classical case), but reaches a
maximum at a distancaz from the interface9]. This quantum-mechanical effect can be taken into
account by an effective oxide thicknegg + €ox / €si - Az, whereAz is dependent on the effective
electric fieldEes [9], [11] (Eeft = —eox /€si - Vet /tox). The effective oxide thickness results in an
effective oxide capacitand@,x, see eq.2.83.

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
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 in12].
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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 treatet-as an
gate/oxided*-bulk MOS capacitance along the same lines as was done for the overlap gate current,
see Sectio2.1.3 The charge in the overlap regions can simply be given by @81){(2.82. The
guantum-mechanical effect on oxide thickness has been neglected here in order to reduce calculation
time.

2.1.5 Comments on Noise Equations

In a MOS transistor generally three different types of noise can be obsentedoise, 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 Af ) noise becomes dominant in MOSFETS. 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 modgf-for 1
noise which combines both of the above physical origit$,[[14], 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 25|, and has been used to calculate thédoise 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 eqs.2.94-(2.97).

Thermal Noise: Since the MOSFET channel can be considered as a non—linear resistor, the channel
current is subject to thermal noise. 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 16]:

< Aip? > = /Sh(f)df
0

is given by a generalized Nyquist relation:

L
N
S = 17| g0odx
L= Jo
whereNfr is equal to 4 kg - T andg(x) is the local specific channel conductance:

gx¥) = —u(x) - W - Qiny(X)

Here the mobilityu (x) is position dependent mainly due to the effect of velocity saturation. Elaborat-
ing the latter integral via a transform of the x—variable into the quasi-Fermi poténgigl we obtain

the spectral density given by eq8.91)-(2.93. Again continuity of the noise model is assured along

all modes of operation. The above thermal noise model has been found to accurately describe exper-
imental results for various CMOS technologies without having to invoke carrier heating eft@tts [
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N (_) R H ngGsl@ @ Al (—)Aiﬂ

Figure 2.3: Noise current sources in the electrical scheme of the MOS transistor

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. Unfortunately the calculation of
this component from first principles is too complicated to provide a result applicable to circuit simu-
lation. It is more practical to derive the desired result from an equivalent circuit presentation given in
Fig. 2.3 Owing to the mentioned capacitive coupling, a part of the channel is present as a resistance
in series with the gate input capacitance. In saturation this resistance is approximately equal to:

It can be easily shown that the latter resistance produces an input noise current with a spectral density
given by eq. 2.99. In addition, sinceAix and Aiig have the same physical source, both spectral
densities are correlated. This is expressed by @@9(and @.100.

The induced gate nois&y is a so-called non-quasi static (NQS) effect. Since the use of the channel
current noise description in an NQS segmentation mdd&hould automatically result in a correct
description of induced gate noisggy can be made equal to zero by using parameter GATENOISE,
see e(.4.99.
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2.2 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 bly {variable, ...}, whereF denotes the function name and

the function variables are enclosed by brages

2.2.1 Internal Parameters

Po=1+ (ko/kp)2

Vimit =4 - ¢t
1 ORr1

Oren = %% (1 * m)
I 1

Acc = =
oVes Vee=VFB 1+ko /«/2(})1'

Ngr = (2.6)*/ko

ACC _ B‘psov _ l
oV — — T . /] A
OVGB lvgg=vepoy LT Kov/v201
2/3
QM - (€ox /tox) for NMOS
QM =
QMp - (cox /tox)?°  for PMOS

2
QMigx = ¢ - QMy,

XBy for NMOS
XBinv =
XBp for PMOS

XBacc — XBN

2.2.2 Basic Current Equations
Drain induced barrier lowering and Static Feedback:
0 for: Vos+ Vsg— Vg <0
VeBgy = (2.2)
Ves+ Vsg— Vrg for: Ves+ Vsg — Vrg > 0

2

\/PD - Vaggy + Ko?/4 — ko/2
Po

l//sab = (2.2)
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Ddibi = odibl - v/ VsB + ¢B (2.3)

0 for: Ysapy — Vs —¢8 <0
Dst = (2-4)
st /¥sap — Vse — B for: Yrsay — Vsg —¢g > 0

Dgioi  for:  Dst < Dbl
D= (2.5)
Dst  for:  Dsf > Dyipi

V Vos' (2.6)
DSeff = 3/2 :

(Viimit® 4+ Vos®) /

AVg = D - Vps4 (2.7
Redefinition ofVgg, 4, equation 2.1):
0 for: Vos+ Vsg+ AVg — Vg <0
Ve = (2.8)
Ves+ Vsg+ AVg — Vgg  for: Vgs+ Vsg+ AVg — Vg > 0
Acc - Vgp
Aacc= ¢t - |:eXp (__eff) - 1] (2.9)
ot
5 2

\/PD - (VeBeg + Aacc) + ko?/4 — ko/2

l//satl = Po — Aacc (2-10)
Drain Saturation Voltage:
0 for: Ysay —Vse—¢g <0
VbsATigng = (2.11)
Vsay — Vse— ¢ for: Ysay —Vsg—¢g > 0

Osat for NMOS
Tsat = QSat - f0r PMOS (212)

(1+95aI2‘VDSAT|0ngz

Tsat— 0

Asar = _ s :effz (2.13)

— 6

\/VDSATlon92 + lsat + Reff
9 Asat
VbsATghor = VDSAThg - | L — 75 (2.14)
short long ( 10 1+ m)
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Viimit for: Vbsargon < Viimit
Vbsar = (2.15)
Vbsatg,or fOr Vbsargo > Vimit
Vps -V
Vos, = DS - VDSAT _ (2.16)
[VDSZm 4+ VDSAsz] 2m
Surface Potential:
Vsay for: Ysay < ¥
fi{y) = (2.17)
v for: Ysay > ¥
Vsay — fol{y}
(0} = fily) + —— s 2.1
[llfsatl—fl{llf}]
\/1 + W
2.1V — f
fa{y) = [Voeer — f2(v] (2.19)
1+ \/l + 4/kp? - [Vebgy — f2{¥/}]
; 2
[%] — f{y) — Aacc+ o1
Vspy (W= fu{yr} + 1 - [1+mo] - In (2.20)
Ve = Vs (Vs + ¢8}
(2.21)
Vi =Vs,, {Vosx + Vss + ¢8)
Surface Potential in Accumulation:
Acc - (Vgs+ Vsg+ AVg — Vgg) for: Vgs+ Vsg+ AVg — Vg <0
f1 = (2.22)
0 for: Vgs+ Vsg+ AVg — Veg > 0
f
f, = ! = (2.23)
f1
1+ N¢>'|"¢’T2
f —572
[71//1? 2] — fat+¢r
Vsace = —¢1 - In (2.24)
o7
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Auxiliary Variables:
Ay =y — w;"o (2.25)

Vg T Vg

5 (2.26)

1zzinv =

2. [Vop.. — Vs
VGT {quv} — [ GBeff %nv] _ kO . /quv + Aacc (227)

1+ \/1+ Ar/kP2 : [VGBeff - wﬁnv]

Ver = Ver {Winv} (2.28)
VeT, = Ver {¥2 ] (2.29)
VGTL = VGT {W;} (230)

2 [Ves+ Vse+ AVe — Vig — Yiny — Vseeo)

Vox = i (2.31)
1+ \/1 +4/kp® - [Vepgy — Vinv]
BVOX = 2 — (232)
1+ /1+4/ke? - [Vasgy — Yin]
Veit = \7(31- + Nmob - (Vox — \7G-|-) (2.33)
AV 1 k
E=gr —T =¢r- 2 (2.34)
I Yiny \/l +4/kp? - [VGBeﬁ - Winv] 2\/l»llinv + Aace
-« _ Ve, + Ver
& - > -+ (2.35)
Second-Order Effects
Mobility Degradation:
v 1/v
L+ [ (@ Vet)"* + @ Ve™] " for NMOS
Gimob = % = (2.36)

v 1/v
[l + (eph ) Veﬁ) /3 + (Osr - Veff)v] for PMOS

18 ©Koninklijke Philips Electronics N.V. 2004
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Velocity Saturation:

Z0satdy for NMOS
+/CGmob
X — (2.37)
20sat_ . Ay for PMOS
VCmob  (1+6sa-ay2) ™
Gimob n<x+\/1+x2)
Gysat = S VI+X2+ (2.38)
Channel Length Modulation:
AL Vbs — Vbsy + \/(VDS ~ Vps,)” + Vp?
Gar=1l-—=1—a-In (2.39)
L Vp
Series Resistance + Self-Heating:
Gr=br (14— RL v (2.40)
Or2+ Vor
Gth =6t Vbs- AV - Vgr (2.41)
GaL - Gysat+ G
Gtot Gh + [ AL vsat R].
2
4. GR/Gvsat 2 2
14+ /11— (G -G 2.42
|: \/ [GaL - Gysat+ GR]? ( e o) ( :
Inversion-Layer Charge (Qiny = —€ox /tox * Vinv):
-y
ko - ¢ - exp| L
[1+mg]-0
Vinv {Wsmv, W} = [ 20 T] (2.43)
\/wsinv + Aacct+ @1 - eXp[ 1j:1\6 Toemol o1 ] + /sy T Aacc
Vinvo = Vinv {W;, Vs + ¢B} (2-44)
Vinv, = Vinv { ¥4 . Vbsx + Vss + ¢} (2.45)
Drain Current
laritt = B - Vor - Ay (2.46)
laitt = B - ¢1 - (Vinvo — Vinw) (2.47)
| |
lpg = it 1 Tdift (2.48)
Grot
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NL-UR 2001/813— June 2004 MOS Model 11, Level 1100 Unclassified Report

Weak-Avalanche:

0 for: Vps < az- Vpsar

Iavl = (2-49)

a2 .
ap - IDS . exp(—m> for: VDS > agz - VDSAT

Gate Current Equations:

The tunnelling probability is given by:

Vox < xB

[1—(1—Vox/XB )%} ) for:

exp (—B . Vor
Pun {Vox; xB; B} =

exp(— B/ Voy) for: Vox > xB

(2.50)

Source/Drain Gate Overlap Current: First calculate the oxide voltagé,, at both Source and
Drain overlap:

Vex — Vreov for: Vex — Vegoy < 0

Vexe {Vex} = (2.51)
0 for: Vgx — VEgoy > 0
r AcCqy - V V
Bow Vo) = g1 - exp| 22 { GX}] = (2.52)
L o7
_ 2
Kov? Kov
Vsapy {Vox} = — 2~ Voxer (Vox) + Aov{Vox) — == | + Aov {Vox] (2.53)
0 for: VGX — VFBov <0
f1 {Vox} = (2.54)

AcCoy - [Vex — VrBov] for: Vex — Vrgoy > 0

f2{Vox} = f1 Vox) - (2.55)
/14 [lvexi]
N¢T'¢T2
2. [%(gvx} - f2 {VGX}]
f3{Vox} = (2.56)
1+ \/ 1+ 4/ke - [—flicvc‘gvx} ~ f2 (Vx| ]
[7f3{k\;(3x} ]2 + f2{Vox} + ¢t
Ve, Vox} = ¢1-In (2.57)

loay
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2 [Vex — Vreov — &, (Vox} — Vsapy {Vox}]

Vov {Vex} = (2.58)
1+ /1+4/ke? - [ f1{Vox} / AcCoy — ¥, (Vox)]
Vov, = Vov {Vas} (2.59)
Vow = Vov{Ves — Vps} (2.60)
Next calculate the gate tunnelling current in both Source and Drain overlap:
Pov {Vov} = Pun {Vov: X8, : Binv} (2.61)
lcov {Vex, Vov} = leov - Vex - Vov - [Pov {Vov} — Pov {—Vovl] (2.62)
lcow, = lcov{Ves. Vov} (2.63)
lgow. = leov{Ves— Vbs, Vou | (2.64)
Intrinsic Gate Current:  The gate tunnelling current in accumulation:
Pacc = Puun {—Vox: XBacc: Bacc} (2.65)
—leacc - (Ves+ Vsp) - Vox - Pace for: Vox <0
lgg = (2.66)
0 for: Vox >0
The tunnelling current in inversion, including quantum-mechanical barrier loweXing
Axe = QMy, - (Vor / 3+ Vox — Vap) ™ (2.67)
XBest = XBip, — AXB (2.68)
Bett = Binv - (XBeg /XBinv)3/2 (2.69)
Pinv = Ptun {Vox: X8 Befr} (2.70)
By = o 5y Bt Vo (2.71)
£ = s (2.72)
¢1 - Ve,
IVgy = % (2.73)
b 14 B+ 4Bl 2By VG 26T A 0V g AvE

24
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_ 1
lcc = leiny - GaL - (VGS_ EVDSX) * Pinv

\7inv — VinVo _+2_ Vinv|_

The total intrinsic gate currergc:
lec = loc - Vinv - Pac

el AV Moo ) )
Pes = [Binv + aVOX] ’ E + |:Binv2 ’ (Binv +5-§"+3- 8Vox)

%2 % * % % % * Awg
+2- 5 : (Binv - E + 8Vox) +10- Binv ' ' 8Vox] '
480
1 - Vi — Vi —
lgs = 5" lcc + (PGS' Vinv + %) “lec+ leoy

lep = lec — les+ lcoy + lGou

2.2.3 Basic Charge Equations

Bias-Dependent Overlap Capacitance:
Qovo = CGSO' Vovo

QovL = CGDO‘ Vov|_

Intrinsic Charges:

COX
Coxep = Vo 13
L+ QM- 7L
Va1, — Ve,
2. <1+9R : WZ)
AVg,
| véT
Co =% AVG F'2

Coxeff 7 % AVG‘T FJ2
W= {VWT' Aty —1)

Q5 = —Corgy [ Vox = V&, +]

Qe =—[Qs+ Qp + Qg]

Unclassified Report

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)

(2.88)

(2.89)
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2.2.4 Basic Noise Equations

In these equationrepresents the operation frequency of the transistor.

dlps
Tsat = bsaf
Ay? v VinvytVinv
R 13'(3v5<':1t2 v _i_T_é":'(VGT_ 2 L)
ideal = —=—— | Ve =
ideal GtOt T VGT +€_-
Nt
Sh = 2" (Rideal — Tsat Ips - AY)
mob
€
NO = q;):x ‘Vinvo
€
NL = qfoxx ‘Vinv|_
€ox
N =
0 tox s
q‘¢T2‘tox',B’|DS 2 NO'f‘N>k
_ A (Nea — N* - N, N Ngc)-In ——
S F e Goon N < FA FB + FC) N+ N
N
+ (Nrg — N*- Nic) - (No — NL) + % - (No® — NLZ):|
pe? Nea + Neg - N 4+ Nec - N 2
Jr¢>T DS ‘(1_GAL)‘|: FA + Nrg L+2Fc L }
f (NL + N%)
LN+ 2~71~f~ 2
i Ny (2 Cox) /9n_ for. GATENOISE= 0
Sq = 1+0.075 (2.7-F-Cox/ G )
0 for: GATENOISE=1
Pigth = 0.4

Sgth = Pigth * y/ Sg - Sh
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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
guantities 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 indicate® th a subscript where

the variables on which the parameter depends, precede a semicolon whereas the parameter succeeds

it, €.9. St.pq -

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 Secttbohd and2.1.2 respectively, they will not
be repeated here.
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3.2

A W DN PP

3.3 List of Electrical Quantities and Variables

List of Input Variables

Symbol Program Units

Name
L L
w W
Ta TA
f F

Description

MOS Model 11, Level 1100

Unclassified Report

Drawn channel length in the lay-out of the actual transistor
Drawn channel width in the lay-out of the actual transistor

Ambient circuit temperature

Operation frequency

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 irBfi.

26
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Figure 3.1: Definition of the external electrical quantities and variables
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No. Variable Program Units Description

Name

1 VS VDE \% Potential applied to the drain node

2 vg’ VGE \% Potential applied to the gate node

3 vg VSE \% Potential applied to the source node

4 vg VBE \% Potential applied to the bulk node

5 IS IDE A DC current into the drain

6 I IGE A DC current into the gate

7 0§ ISE A DC current into the source

8 IS IBE A DC current into the bulk

9 Qg QDE C Charge in the device attributed to the drain node

10 Qg QGE C Charge in the device attributed to the gate node

11 Qg QSE C Charge in the device attributed to the source node

12 Qg QBE C Charge in the device attributed to the bulk node

13 $ SDE As Spectral density of the noise current into the drain

14 ﬁ SGE As Spectral density of the noise current into the gate

15 § SSE Ks Spectral density of the noise current into the source

16 $G SDGE As Cross spectral density between the drain and the gate noise
currents

17 %S SGSE Ks Cross spectral density between the gate and the source noise
currents

18 5‘390 SSDE Ks Cross spectral density between the source and the drain

noise currents
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3.3.2

No. Variable Program Units

a A W N P

10

11

12

13

14

15
16
17
18

28

MOS Model 11, Level 1100 Unclassified Report

Internal Electrical Quantities and Variables

Vbs
Ves
Vse
Ips

lavL
les
lep

lee

Qa

Qs

Q ovp

Q ovp

Sth
S

Sigth

Name

VDS \Y
VGS V
VSB V
IDS A
IAVL A
IGS A
IGD A
IGB A
QD C
QG C
QS C
QB C
QOVO C
QOVL C
STH AZs
SFL AZs
SIG AZs
SIGTH AZs

Description

Drain—to—source voltage applied to the equivalent n-MOST
Gate—to—source voltage applied to the equivalent n-MOST
Source—to-bulk voltage applied to the equivalent n—-MOST

DC current through the channel flowing from drain to source

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

DC current flowing from gate to source due to the direct
tunnelling effect

DC current flowing from gate to drain due to the direct tun-
nelling effect

DC current flowing from gate to bulk due to the direct tun-
nelling effect

Intrinsic charge in the equivalent n-MOST attributed to the
drain node

Intrinsic charge in the equivalent n-MOST attributed to the
gate node

Intrinsic charge in the equivalent n-MOST attributed to the
source node

Intrinsic charge in the equivalent n-MOST attributed to the
bulk node

Extrinsic charge in the equivalent n-MOST attributed to the
gate-source overlap

Extrinsic charge in the equivalent n-MOST attributed to the
gate-drain overlap

Spectral density of the thermal—-noise current of the channel
Spectral density of the flicker—noise current of the channel
Spectral density of the noise current induced in the gate

Cross spectral density of the noise current induced in the
gate and the thermal—-noise current of the channel
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3.4 List of Reference & Scaling Parameters

No.

w Nk O

10
11
12
13
14
15

16
17
18
19

20
21
22
23
24

Program Units Description

Symbol
Name
LEVEL
Ler LER
Wer WER
Alps LVAR
A I—overlap LAP
AWpop WVAR
AWnarrow WOT
Tr TR
VEBR VFBR
Stveg STVFB
kor KOR
Sk,  SLKO
Sk, SL2KO
Swk,  SWKO
ke  KPINV
®BR PHIBR
SLigg SLPHIB
SL2.4g  SL2PHIB
Swieg SWPHIB
Bsq BETSQ
np ETABET
fg1 FBET1
Lp1 LP1
fg2 FBET2
Lpo LP2

m

°C
Vv

VK1
V1/2
VY2m
Vl/2m2
VY2m
\Vj -1/2

Vm
Ve
Vm
AV2

m

m

Must be 1100
Effective channel length of the reference transistor
Effective channel width of the reference transistor

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

Temperature at which the parameters for the reference tran-
sistor have been determined

Flat-band voltage for the reference transistor at the reference
temperature

Coefficient of the temperature dependenc&gf
Body-effect factor for the reference transistor
Coefficient of the length dependencekgf

Second coefficient of the length dependenckqof
Coefficient of the width dependencelkgf

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 length dependencepgf
Second coefficient of the length dependencemf
Coefficient of the width dependenceq¢gf

Gain factor for an infinite square transistor at the reference
temperature

Exponent of the temperature dependence of the gain factor
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
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No.

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

30

Symbol Program Units

erR

SW;é?sr

9th

1ph

SW;(-?ph

TmobR

ST? Tmob
SW? Tmob

VR

VEXP

ORR

MR
SW;(‘)R

Or1
Or2

QsatR

SL:fsat
Osatexp
Nsat

SW:bsat

OThR

OThEXP

Swiery
adiblo

OdiblEXP

Name
THESRR V1

SWTHESR m
THEPHR V1

ETAPH -

SWTHEPH m
ETAMOBR -

STETAMOB K1
SWETAMOBmM
NUR -

NUEXP -
THERR vt

ETAR -

SWTHER m
THER1 V
THER2 V

THESATR V1

SLTHESAT -
THESATEXP -
ETASAT -
SWTHESAT m
THETHR V3

THETHEXP -
SWTHETH m
SDIBLO V-2

SDIBLEXP -

MOS Model 11, Level 1100 Unclassified Report
Description

Coefficient of the mobility reduction due to surface roughness
scattering for the reference transistor at the reference temper-
ature

Coefficient of the width dependence&f
Coefficient of the mobility reduction due to phonon scattering
for the reference transistor at the reference temperature

Exponent of the temperature dependenagpfor the refer-
ence transistor
Coefficient of the width dependence)gf

Effective field parameter for dependence on deple-
tion/inversion charge for the reference transistor
Coefficient of the temperature dependence&fy,

Coefficient of the width dependencenafop

Exponent of the field dependence of the mobility model mi-
nus 1 (i.e.w — 1) at the reference temperature

Exponent of the temperature dependence of parameter

Coefficient of the series resistance for the reference transistor
at the reference temperature

Exponent of the temperature dependencgrof
Coefficient of the width dependenceigf

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

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

Velocity saturation parameter due to optical/acoustic phonon
scattering for the reference transistor at the reference temper-
ature

Coefficient of the length dependencegf

Exponent of the length dependencégf
Exponent of the temperature dependencépf
Coefficient of the width dependencedgf;

Coefficient of self-heating for the reference transistor at the
reference temperature

Exponent of the length dependencé-ef
Coefficient of the width dependencedgf

Drain-induced barrier-lowering parameter for the reference
transistor
Exponent of the length dependencergf
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No.

50

51
52
53
54
55

56
57
58
59
60

61

62
63
64
65

66
67
68

69
70
71

72

73

74

75
76
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Symbol Program

MoRr

MoexpP
OsfR
SL?"sf
SW?f’sf

R

SL;O(
OEXP

SW; o
Vp

I—min
ar

SHEY
SL:a
Sw:a
&R

SL.a
Sw:a,
ABR

SL.a
Sw: &,

lcinvr
Binv
lcaccr
Bacc

VEBov

Kov

Name
MOR

MOEXP
SSFR
SLSSF
SWSSF
ALPR

SLALP
ALPEXP
SWALP
VP

LMIN

Al1R

STAl
SLAL
SWA1
A2R

SLA2
SWA2
A3R

SLA3
SWA3
IGINVR

BINV

IGACCR

BACC

VFBOV
KOV

MOS Model 11, Level 1100

June 2004 — NL-UR 2001/813

Units Description

vm
Vm

AV 2

AV—2

V1/2

Parameter for short-channel subthreshold slope for the refer-
ence transistor
Exponent of the length dependencengf

Static feedback parameter for the reference transistor
Coefficient of the length dependence$f
Coefficient of the width dependencergf

Factor of the channel length modulation for the reference
transistor
Coefficient of the length dependencenof

Exponent of the length dependencexof
Coefficient of the width dependencecof
Characteristic voltage of the channel length modulation

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

Factor of the weak—avalanche current for the reference tran-
sistor at the reference temperature

Coefficient of the temperature dependence,of

Coefficient of the length dependenceapf

Coefficient of the width dependenceapf

Exponent of the weak—avalanche current for the reference

transistor
Coefficient of the length dependencezpf

Coefficient of the width dependenceaf

Factor of the drain—source voltage above which weak—
avalanche occurs, for the reference transistor

Coefficient of the length dependenceagf
Coefficient of the width dependenceapf

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

Probability factor for intrinsic gate tunnelling current in in-
version

Gain factor for intrinsic gate tunnelling current in accumula-
tion for the reference 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
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No. Symbol Program Units Description
Name

77 lcovr IGOVR AV~—2  Gain factor for Source/Drain overlap gate tunnelling current
for the reference transistor

78  tox TOX m Thickness of the gate oxide layer

79 Cqg COL Fnm!  Gate overlap capacitance per unit channel width

80 - GATENOISE Flag for in/exclusion of induced gate thermal noise

81 Nrr NTR J Coefficient of the thermal noise at the actual temperature

82 Nrar NFAR V~Im=* First coefficient of the flicker noise for the reference transistor

83 Nggr NFBR V-Im~2 Second coefficient of the flicker noise for the reference tran-
sistor

84 Ngcr NFCR v-1 Third coefficient of the flicker noise for the reference transis-
tor

85 L L m Drawn channel length in the lay-out of the actual transistor

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

87 ATa DTA K Temperature offset of the device with respecip

88 Nmur 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.
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4 Embedding

4.1 Embedding MOS Model 11 in a Circuit Simulator

In CMOS technologies both— 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 ap—channel device with its bias conditions and parameter set onto an equivatdrannel

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-ahannel 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 caseoop—type
transistors, see Sectiéh2

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 potent@ignnel

case). More strongly, most circuit simulators provide for model evaluation a so—&&jled/gs, 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 correspol@do< 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 atps = 0. In other words no non-singularities will occur in the higher-order
derivatives aVps = 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€ andV§ based on an a priori assignment of drain, gate, source and bulk.

Step 1 Calculate the voltagevss, V(’;S and V;B, and the additional voItageE;G and V;G. The
latter are used for calculating the charges associated with overlap capacitances.

Step 2 Based om— or p—channel devices, calculate the modified voltagé§, V(;S and V’SB. From
here onwards onlg—channel behaviour needs to be considered.

Step 3 Based on a positive or negati\bé,;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 possibl@—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.
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yes ps >0 no
Vbs = VDS Vps = _VDS
Ves = Vs Ves = Vgs — Vps
Vsg = Vgp Vsg = Vg + Vg
Y

;DS :_I'IDS (\(/\D/S ’V\G/Sv V\8/B) ) Qb = O (Vps, Vs, Vsp) Sh = Sh (Vps,Ves, Vsp)
iy AVIEV Y S? Qs = Qs (Vbs,Ves, Vsg) S =S (Vbs,Ves, Vss)
Gs T B8 PSS 5B Qs = Qs (Vps,Vas, Vsg) Sg = Sg (Vbs,Vas, Vss)

lep = lep (Vbs, Ves, Vss)
= — = Vs, Vas, V.
log = los (Vos, Vos, Var) Qe (Op + Qs + Op) Sgth = Sgth (Vs ,VGs, VsB)

34 ©Koninklijke Philips Electronics N.V. 2004



Unclassified Report

MOS Model 11, Level 1100

June 2004 — NL-UR 2001/813

A
yes no
los = Ips %= los = —lps Q=
log = lav Q(:; = Qe log =0 Q(:; = Qs
lgg = O Qs = Qs log = lavt Qs =
los = los Qé = Qs los = lop Q: = Qs
IclzD = lsp Qovy = Coso- Voy, I(’;D = Igs Qovy = Ceso* Vou
/(,;B =l Q;VL = Ccpo - Vou l(';B = IgB QC,’VL = Copo - Vov,
S =5 +S S = S+ Si + Sg + 2Re { Sgen}
S =S S =S
S5 = Sh+ S+ Sg + 2Re { Sgin} S =S +S
Sl;G = S;m S;)G =—Sg — S:]th
Ses = —Sg — S Ses = Samn
S,SD = —Sgth — Sh— S Sé;D = —Szth -Sh— S
| |
n—channel Channe p—channel
type
I;s:IE)s Q';,’:Qé) S;: : ’;s:_lgs QE):_QE} S;: :
Ios = Ipg Q‘j - Q? =5 Ing = Ipg Q‘j - _Q§3 =5
I;B = I,SB Q§ - Q? Ss = s, I;B I;B Q§ - _Q§ Ss = s,
los = los =0 Soe = Soe los = —lgs @ =-0s Soe = Soe
I(’;D = I(’3D Qovy = Qovg Sgs = Sg;s I(’;D = I(’3D Qovy = ~Qovg Sgs = Sg;s
I(’;B = I(;B Qc';vL = Qc’)vL S;D = S,SD I(’;B = _ICYSB Q(:VL = _Qc’)vL S;D = S,SD
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B

o $=%

= ls+la—log  B=Q— Qu £=%

1€ =l +lap + lag Q€=+ ngo + Q;VL =5
,e=_,§8+/%8—lés ngQ;—Qg\,o Sge.:SéG
1€ =g — lsg — lag =0 S8s = s
sgD = Ssp

Y

g IE 1S 15 A Q€ B & S £ £ S s S

Figure 4.1: Transformation scheme

It is customary to have separate user models in the circuit simulatonsf@ndp — 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 ¢baanel

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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5 Preprocessing and Clipping

In this Chapter the geometry- and temperature scaling rules for the model parameters will be given.

5.1 Calculation of Transistor Geometry

WARNING : Lg and WE after calculation can not be less than O'!

L+ ALPS
gate
e ] : Cross section
source |/| \I 1 drain
1 I
I 1
ALoveriap : Le : ALoveriap
> >—te
1 I
1 1 Y
_r_ . - - — _— _ _ _‘:AWnarrow
W+ AWop source drain We Top view
—_ - - - 4 - - - — ] _ - - X
Y “AWnarrow

Figure 5.1: Specification of the dimensions of a MOS transistor

5.2 Calculation of Transistor Temperature

Tk = To+ TR (5.3)

Tkb = To+Ta+ATa (5.4)

5.3 Calculation of Geometry-Dependent Parameters
Calculation of Threshold-Voltage Parameters

Ves = Veer (5.5)

1 1 1 1
ke = kor- |:l+(L—E—L—ER) 'S_;ko'i‘(L_E_LTER) '3_2;k0:| :
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14 (- ) s (5.6)
We  Wer o '
~ 1 1 1 1
= I+ =-—) S+ |5-5) Szl
Ve ver [ (LE LER) it (l—é ’—ER) SLMB}
1 1
1 - _— 5.7
[ <WE WER) ¢B] &9
Calculation of Mobility/Series-Resistance Parameters
Le Le
Lp1 Lo, Lpo Lo,
Gpeg = 1+ fﬁl-—’- l1—-e P1 —i—fﬁz-—’- 1—-e “P2 (58)
' © L “ L
L *F L *%ﬂ
Gpr = 1+ fﬁ)l.il. 1—e P14 fﬂ’z.iz. 1_e “P2 (5.9)
Ler Ler
5 Bsq WEe
= L E 5.10
Gpe Le (5.10)
~ 1 1
Oss = Osr- |1+ We  Wen) Sw;osr (5.11)
Oph = 6 1 ! ! 5.12
ph = Ophr- |1+ WE — Wen SNGph (5.12)
- 1 1
Mmob = Mmobr- |1+ We W) SWinmob (5.13)
L G
ER . ZPR (5.14)

- 1 1

e = Oom- 14— -~ ).Sy, |.-ER. ZPR

R RR |: +<WE WER) SN’GR] Le Gpe
LR “satEXP

) —1!|(5.15)

1 1
= bsar- |:1+ <WE - W—ER) : SN?Qsat] . |:l+ SL:06at " {(L—E

Bsat

Calculation of Conductance Parameters

~ B 1 1 Ler OThEXP
bth = Othr- [1-1- (WE - W_ER> 'SN:QThi| : |:L_E] (5.16)
1 1 1 1
o = oun [+ (g~ ) S [14 (G- 1) S o4
B 1 1 Ler ) “EXP
R e (= R N e (G A T
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Calculation of Sub—Threshold Parameters

loas

Odibl

Mo

ks - Tkr
q

Ler\ “diblEXP
Odiblo - L_E

L en \ MOEXP
MoR - (E)
Le

Calculation of Smoothing Parameters

L max

m

= 10-10°
8- (I—max— I—min)
Lmax—4- Lmin+3- mai(i;m]

(m is rounded off to the nearest integer)

Calculation of Weak—Avalanche Parameters

a =

%:

1 1 1 1

ARt <L_E - L—ER> St <WE - WER) S
1 1 1 1

wRT <L_E - L—ER> Sae ¥ <WE - WER) S
1 1 1 1

() st () e
LE LER E ER

Calculation of Gate Current Parameters

lcinv

lcacc

lcov

We - Lg

= ——— - lainvr

WEeR - LEr

We - Lg

= ——— - lgaccr
WER - LEr

We

—— - lgovr
Wer

Calculation of Charge Parameters

Cox

Cepo
Ceso

= €ox-

WE - Lg

fox

= We- -Gy

= We- Gy
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(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)
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Nt = Nrr (5.33)
WeR - Ler
N = — . N, 5.34
FA We Le FAR ( )
WeRr - LEr
Neg = ———— N, 5.35
FB We  Le FBR ( )
WeRr - LEr
Nec = ———— N, 5.36
FC We  Le FCR ( )
5.4 Calculation of Temperature-Dependent Parameters
Calculation of Threshold—Voltage Parameters
Vee = Ves+ (Tko — Tkr) - Stiveg (5.37)
¢sr — 1.13—25.107%- Tkr
. = 5.38
Stisg 300 (538)
¢s = g+ (Tko — Tkr) * Stisg (5.39)
Calculation of Mobility/Series-Resistance Parameters
- (Tkr "
B = B- (T—) (5.40)
KD
5 (Tkr)""
Osr (TKD) for NMOS
er == (541)
~ h ng
Osr (TKD> for PMOS
. T 3nph—3ns
Oon = Opnr- (%) (5.42)
KR
Mmob = fimob* [1+ (Tkp — TkR) * Stinmop) (5.43)
v = 1+ VR - (TKR/ TKD)veXp (544)
N T R
br = Or- <ﬂ> (5.45)
Tkp
N T Nsat
Osat = Osat (g) (5.46)
KD
Calculation of Conductance Parameters
. Tkr \ ™
b — G- (g) (5.47)
KD

40
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Calculation of Sub—Threshold Parameters

Tkp -
o = Tem o1

Calculation of Weak—Avalanche Parameters
a = & [14 (Tko — Tkr) - St.a|

Calculation of Noise Parameters

Tkp =
Nr = 2R
T T N7
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(5.48)

(5.49)

(5.50)
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5.5 Clipping

For the clipping of a parameter the lower bound dhd/or the upper boundBare specified for the

value range of that parameter. If both bounds are given the value range is the closed inteBg] [B

and in the case of one bound it is either the half—open interyald® or (—oo, By]. If the value of

a parameter exceeds its bound it has to be replaced by that particular bound. The following (miniset)
parameters have clipping bounds:

Parameter Lower bound Upper bound
ko 10712 —
1/ke 0 —
#8 102 -
B 0 -
Osr 10712 —
Oph 10712 —
TTmob 0 -
v 1 —
Or 0 —
Osat 0 -
O1h 0 —
Odibl 1012 -
mo 0 05
Osf 10712 —
o 0 —
Vp 10712 —
m 1 —
o1 102 -
VspT 0 -
a 0 -
& 1&12 _
& 0 -
leiny 0 -
Binv 0 -
leacc 0 -
Bacc 0 -
Koy 10712 —
lcov 0 -
Cox 0 —
Cepo 0 -
Ceso 0 -
Nt 0 —
Nea 10712 —
tox 10712 —
NnvuLt 1 -
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6 Implemented Model Equations

The electrical equations of MOS Model 11 to be implemented are essentially the basic equations
of Section2. Since in circuit design equal parallel circuited transistors are frequently applied the
specification of one transistor together with a multiplication fadg, 7 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 theMyT. 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-Nwut
lainv. = lainv - NvuLt
lcacc = leacc - NmuLt

lcov = lcov - NmuLr

Cox = Cox- NvuLt
Cepo = Copo- NmuLt
Ceso = GCgso- NmuLt

N = Nl\l/\ll UF LT
Nea = NII\\/IIIL:JAI\_T
Nee = NII\\/IIIL:JBLT
Nrc = NII\\/IIIL:JCLT

Although the basic equations, given in Sect®yrform 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 smo@t-continuous clipping, is to be
found in AppendixA.

6.1 Numerical Adaptations

The implemented electrical equations of MOS Model 11 are essentially based on the physical de-
scription given in Sectio. The following numerical adaptations have been made in order to obtain
smooth transitions and prevent numerical problems, leading to the equations given in 6&ction

e The piece-wise eqs2(l) and @.8) for Vgp, (2.4) for D, (2.5) for D, (2.11) for VDSATIong’
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(2.19 for Vpsar, (2.17), (2.22 and @.54) for different functionsfy, (2.51) for Vx4 and .66
for Igg have been replaced by smodh,-continuous functions based on hyp-functions.

Expression2.3) describing the drain-induced barrier lowering effect has no numerical solution
for Vsg + ¢ < 0. In order to solve this problem the expressigs + ¢g is clipped at a
minimum value of QL - ¢g using eq. 6.2). In order to maintain symmetry (with respect to
source and drain) the same method must be applied to the drain side, this is don&ih8g. (

The effective voltagée/ess given by eq. 6.35 becomes negative in the accumulation region,
which leads to strange behaviour in the mobility reduction expresgi@®)( In order to prevent

Vet from becoming negative, a hyp-smoothing function is used in the actual implementation,
see eq.4.38.

The theoretical velocity saturation expressigr8@ results in zero divided by zero fofps = O.
This numerical problem has been circumvented by replacing this expression by a third-order
Taylor polynomial for small values dfps, see eq.§.41).

The theoretical channel length modulation expressB8Y can become negative for high
values ofa and Vps. This corresponds to a negative effective channel length, which is not
physical. In order to prever ». from becoming negative, a hyp-smoothing function is used
in the actual implementation, see €6.42.

The term in the square root of eQ.42 can become negative for very high values of parameter
6r, Which would result in numerical errors. This has been prevented in the actual implementa-
tion (6.45 by using a hyp-smoothing function.

The termyss,, + Aaccin expressionZ.43 may become negative in accumulation for certain
parameter values. Since a square root is taken of this term, it has to be prevented that the above
term becomes negative; this has been done using a hyp-smoothing fueclign eq. 6.47).

The same type of problem occurs in eg.34) for variable&, it has been circumvented in the

same way, see e5.G6).

Theoretically in subthreshold the drift current given by €246 is much smaller than the
diffusion current, due to the teriy, which rapidly approaches zero for decreasing gate bias.
Owing to the approximations made in the calculation of surface potential in MOS Model 11,
for certain conditionsAy may not go to zero rapidly enough. As a result the drift current is
forced to very small values in subthreshold by making use of é¢s0(to (6.53).

The exponent in the tunnelling probabiliBn, given by eq. 2.50, results in zero divided by
zero forVex = 0. By simply rewriting the exponent, this problem can be circumvented as has
been done in eqb(57).

The expression of effective oxide barrier loweringg, given by eq. 2.67), can become equal
to zero (atVgg = VEg), resulting in numerical errors in the first-order derivativeg\gf to the
terminal voltages. In order to preveAtyg from becoming zero, eg6(75 has been used.

For very high gate bias values, which could occur during the iteration process of the circuit
simulator, the expression of effective oxide barngr,, given by eq. 2.68, can become zero

or negative resulting in numerical errors. In order to prevent this problgfp is clipped at a
minimum (arbitrary) value of @ - xg,  using a hyp-smoothing function, see €§.79.

The expression afVg,, given by eq. 2.73), gives numerical problems when the oxide voltage

Vox is equal to zero. This problem has been circumvented by repl&&inby v/ Vox® + Viimit 2,
see eq.§.81).
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e The expression of effective oxide capacitan2e8® due to quantum-mechanical effects gives
erroneous results fofes = 0 (i.e. Vg = Vgg). This can be prevented by replaciMgg /nmob

by \/ (Vest / 77mob)2 + (20- ¢7)?, where the value of 207 is rather arbitrary but it nevertheless
ensures a smooth transition from accumulation to depletion/inversion.

e The effective gate biags, may become negative in deep subthreshold, resulting in inaccurate
results in expressior2(92 for Rigea. In order to prevent this)?GT is replaced by Viny,+Viny )/2
andAv is replaced byiny, — Viny, - As aresult, eq.g.100 for Rigeas DbECOMES Accurate in deep
subthreshold as well.

e The thermal noise spectral densBy, given by eq. 2.93 can become negative for very high
values of parametel,, which is not physical. In order to prevent th&, is clipped to zero in
these cases, see €6.10J.
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6.2 Extended Equations

In the following sections a function is denoted By{variable, ...}, whereF denotes the function
name and the function variables are enclosed by brgcebhe definitions of the hyp-functions are
found in AppendixA.

6.2.1 Internal Parameters

€1 =2-107
e=1-107
e3=4-10"2
e4=1-10"1
es=1-10"

Po=1+ (ko/kp)2

Viimit = 4- ¢t
1 ORr1

QReff - EQR . (l + 1/2 + 9R2)

ACC — 81'05 — ;
BVGB VeB=VFB 1 + ko / vV 2¢T

Ngr = (2.6)°/ko

ACC _ 8":”SOV _ l
oV — - . J A
Vee Vee=VEBov 1+ Koy /V 2¢t1
2/3
QM - (€ox /tox) for NMOS
QMy =

QMp - (€ox /tox)”°  for PMOS

2
QMtox = g : QMW
XBy for NMOS

XBinv =
XBp for PMOS

XBacc = XBN
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6.2.2 Extended Current Equations

Ve = hypy {Ves+ Vsg — Ves; €1}

Vsg, = hyp, {Vsg+ 0.9 ¢g; €2} + 0.1 ¢

2

\/PD - VB + ko?/4 — ko/2
1;0sab = Po

Drain induced barrier lowering and Static Feedback:

Ddibl = odibl - 1/ Vs

Dsf = ot - \/hypl {lffsab — Vsg; 53}

D = Dgibi + hyp; { Dst — Dgibi; 0t - €4}

Vps*
32
(Viimit? + Vos®?) /

Vbsyg =

AVg = D - Vps 4
Redefinition ofVgg,4, equation §.1):

VB = hypy {Ves+ Vs + AV — Vs; €1}

Aacc= ¢1- [exp (— Aee: [V:;Seﬁ — 61]) — l:|

2

\/PD : (VGBeff + Aau:c) + ko®/4 — ko/2
1;0sat1 = — Aacc

Pp

Drain Saturation Voltage:
VDSATgng = Vsay — Vs

Osat for NMOS

Tsat= fsat = for PMOS
(1+9sat2 'VDSAT|0n92>
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(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)
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A Tsat— QReﬁ
SAT =
2 2
——+T 0
\/VDSATIon92+64 P e
Y _vy 1_ 9 Asar

Vosar = Viimit + hypy {Vosatgor — Vimit; €3}

Vps - Vpsar
VDSX = 1

[Vos™ + Vpsar®™ ] ™"

Vbe, = hyp; {Vos, + Vsg + 0.9 ¢8; €2} + 0.1 ¢

Surface Potential:
fi{y} = Ysay — hypy {1/fsat1 -V 61}

lpsatl — fa{y}
\/1+ [vsay — f101]

N¢T '¢T2

fo{y) = fo{y) +

2 [Vepgy — f2lv}]

fa{y} =
1+ \/l—i— 4/kp? - [Vebgy — f2{¥/}]

ko

2
[M] — f{y) — Aacc+ 1

Vs (W) = fu{y} +é1-[1+mo] - In
loay

l'[/:o = Vs {VSBI}
Vs = Vs {VoBi)

Surface Potential in Accumulation:

f1 = Acc - [Ves+ Vss + AV — Vs — Vogy |

E=y s

ko
oy

Vsace = —¢1 - In

Unclassified Report

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)
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Auxiliary Variables:

AY =g — g (6.27)

iy = %L—erws" (6.28)
2|V —

Vor {‘/fsm\,} = [ et l//SmV] —ko - \/hypl {1//%\, + Aace 62} (6.29)

1+ \/1 +4/ke” - [VoBgr — Vsp, ]

Ver = Ver {Winv} (6.30)
Vet, = hypy {Ve, {¥4 ) : €5} (6.31)
Ve, = hyp {Ve; {vs ) es} (6.32)

2 [Vos+ Vse+ AVe — Vig — Yiny — Vseed

Voy = i (6.33)
1+ /14 4/ke? - [Vogy — ¥ini]
2
IWVox = _ (6.34)
1+ /14 4/ke? - [Vosgy — Fini]
Veft = VGT =+ Nmob - (Vox - VGT) (6.35)
1 k
£=¢r- : S— 2 (6.36)
\/l + 4/kp” - [VGBeﬁ - 1ﬁinv] 2\/hyp1 {Winv + Aace E5}
5« _ Vet + Ver
& = % +& (6.37)
Second-Order Effects
Mobility Degradation:
Vett; = hypy {Ves; €2} (6.38)
v ¥ 1/v
L+ [ (6pn - Vety)"”* + (6s:- Very)* | for NMOS
Gmob = % = y (6.39)
[+ (6on- Very)"* + (6 Ver)'] for PMOS
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Velocity Saturation:

20sarly for NMOS
+/CGmob
X = (6.40)
2%sat_ . v for PMOS
VCmob  (1+8sa-ay2)™*
G”;C’b-[erl—x—:] forr x <1.107*
Gvsat= | T (6-41)
Zb [erin(Hx = )} forr x>1.10"
Channel Length Modulation:
Vbs — Vbs + \/(VDS - VDSX)2 + Vp?
GaL = hypl l—a-In ; €5 (6.42)
Vp
Series Resistance + Self-Heating:
Gr=br- (14— RL v (6.43)
Or2+ Vor
Gth =6 Vbs- AV - Vgr (6.44)
GaL - Gysat+ G
Gtot _ GTh + [ AL vsat R].
2
4. GR/Gvsat 2 2 }
{1+ ./h {l— |G — Gmob | 5 € 6.45
|: \/ YP1 [GaL  Guent+ Grl? [ vsaf mo ] 5 ( )
Inversion-Layer Charge (Qiny = —€ox /tox - Vinv):
1'0;nv {wsmv} = hyp, {wsmv + Aace 62} (6.46)
VS~V
Ko &1 - €XP| [omeTor
@
Vinw { s ¥} = Es 'i‘; T] (6.47)
\/w;nv {wﬁnv} + ¢t exp[|l+lnq\6|~¢T] + V 1'[/;nv {wﬁnv}
Vinvo = Vinv {W;ko, VSBt} (6-48)
Vinv|_ = Vinv {W:L, VDBt} (6-49)

50 ©Koninklijke Philips Electronics N.V. 2004



Unclassified Report MOS Model 11, Level 1100 June 2004 — NL-UR 2001/813

Drain Current

2

Xo = — - (Vsay + &1 — Vsgy) (6.50)
o1
2

XL = el (¥say + &1 — Voay) (6.51)

_exp(Xo) + exp(xL)
"~ exp(Xo) +exp(x.) + 1

(6.52)

B Ve - Ay for: xo>80 or x_> 80
larite = . (6.53)
B-Vor Ay -G for: xo <80 and x_. <80

lait = B+ &1 - (Vinvo — Vinw,) (6.54)
lari L
|pg = it T dift (6.55)
Grot

Weak-Avalanche:

0 for: Vps < as- Vpsar
lavi = (6.56)

an .
ai - Ips- exp(—m) for: Vps > asz- Vpsar

Gate Current Equations:

The tunnelling probability is given by:

V 2 V
. ; {(g) 73.%%3] |
Xp ~5 for: Vox < xB
Puwn {Vox; x8; B} = l+<1—\%x> (6.57)

exp(— B/ Vox) for: Vox = xs

Source/Drain Gate Overlap Current: First calculate the oxide voltagé,, at both Source and
Drain overlap:

Vexeg {Vex}t = Vex — Vesov — hypy {Vex — Vrgov; €1} (6.58)
[ [ Accoy - [Voxeq (Vox) + €
Aov{Vox} = ¢r exp( ov: [Voren Vo] 1]> - 1} (6.59)
i gy
_ 2
kOV2 kOV
Vsapy {Vox} = — 4~ Voxer Vox) + Aov{Vox) — = | + Aov {Vox] (6.60)
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f1 {Vex} = AcCoy - [Vex — VrBov — Voo {Vex!] (6.61)
fL{V
f2{Vex} = 1 {Vex] - (6.62)
[f1{Vex}]
1+ N >
¢T'¢T

2. [—fl{VGX} -t {VGX}]

Accov

f3{Vox} = e (6.63)
2 f11V
14 \/1+ 4/kp? - [% — f2 {Vex}]
ta{Vex} 1
. [T] + f2{Vex} + é1
Ve tVext = ¢1-In (6.64)
o1
2-|Vex =V — (V. — V
Vo (V) = [Vex — Vesov — &, {Vex) — ¥savy {Vox}] (6.65)
1+ 1+ 4/ke? - [ f1[Vox} /AcCoy — ¥, [Vex]]

Vovo = Vov {VGS} (6-66)

Vow = Vov{Ves — Vbs} (6.67)
Next calculate the gate tunnelling current in both Source and Drain overlap:

Pov {Vov} = Puun { Vov; XBiny> Binv } (6.68)

IGov {VGX, Vov} = IGOV : VGX : Vov : [Pov {Vov} - Pov {—Vov}] (6-69)

lcow, = lcov {VGS, Vovo} (6.70)

lcow = lov{Vas— Vbs, Vo | (6.71)
Intrinsic Gate Current:  The gate tunnelling current in accumulation:

Pacc = Ptun {—Vox§ XBaccs Bacc} (6.72)

Vace = Vox — hypy {Vox; €5} (6.73)

lee = —leacc - (Ves+ VsB) - Vace: Pacc (6.74)
The tunnelling current in inversion, including quantum-mechanical barrier loweXing

_ - ,11/3
Axs = QMy - [(VGT/3+ Vox — Var)” + Viimit ] (6.75)
XBeg = 0.7+ x8,,, +hyp; {0.3- x8,,, — Axg: €s) (6.76)
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Bett = Binv - (XBeﬁ /XBinV)s/2

Pinv = Pun {Vox§ XBeff> Beﬁ}

3
Bir 5 XBeﬁ_2 - Beff - 9Vox

inv = 3
« §
=
¢T 'VGT
oV,
IV = %
Vvox +Vlimit
Poc = 14 LB T4 By & 42 B,

COVE 282+ 40V - EF] - AY?

June 2004 — NL-UR 2001/813

(6.77)

(6.78)

(6.79)

(6.80)

(6.81)

_ 1
lec = lainv - GaL - (VGS_ EVDSX> * Piny

7 VinVo + Vinv|_

inv = 2
The total intrinsic gate currenc:

lcc = lec - Vinv - Pac

A
Pos = [Biy + V2] - 2 + (8,7 (B 55 +3-0vg)

12

+2-6"7 - (Bjy = &+ 0Vg) +10- By, - &7 0V |-

1 - Vinve — Vi -
IGS: E . IGC+ (PGS' Vinv + %) : IGC+ IGovo

lep = lec — les+ lcow + lGow
6.2.3 Extended Charge Equations
Bias-Dependent Overlap Capacitance:

Qovo = Ceso* Vov

Qov. = Capo* Vou_
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(6.83)

(6.84)

(6.85)

(6.86)

(6.87)

(6.88)

(6.89)

(6.90)
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Intrinsic Charges:

Cox
Coxer = o2 ) ~1/6
14 QMtOX-[(ﬁgb) +(20- ¢7) }
V -V
AVg, = CTo GVTL
2. <1+9R : %)
AV,
| N
V&,
CO - AVG F2
om0 (55 )

Coxeff 7 % AVC"T FJ2
®=—=5 {V‘“T' it g —1)

QB = —Coxyf - |:V0x - \751. + E]
Qe = —[Qs+ Qb + Qg]

6.2.4 Extended Noise Equations

In these equationérepresents the operation frequency of the transistor.

s
On = WVos
esatz for NMOS
Tsat = bsaf
—=al__ for PMOS
v/ Ltosaf-Ay?
2
R _ Br - Gvsat2 Vinvo + Vinv|_ (Vinvo - VinvL)
ideal = Gtot . 2 12 VinvO+Vinv|_
()
0 Rideal = Tsat‘ IDS’ AW
Sh = Ne.
Crmot2 (Rideal — Tsat* Ips - Avr) Rideal > Tsat* lps- Ay
€o
Mo = qtoxx Vimvg

Unclassified Report

(6.91)

(6.92)

(6.93)

(6.94)

(6.95)

(6.96)

(6.97)

(6.98)

(6.99)

(6.100)

(6.101)

(6.102)
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€ox

NL — qt . Vinv|_
0X
€ox
N = Y
thX
q-¢1° tox - B - lps 2 No + N*
= | (Nga — N* - N, N*“ - Nec) - In ———
S e Gun N < FA FB + FC) N TN
N
+ (Nrg — N* - Nic) - (No — NL) + % - (No® — NLZ):|
n ¢ - Ips® C(1—= GaL) - |:NFA + Nes - NL t fz\ch- NL2j|
LN+ 2~71~f~ 2
N (27 F Cox) /9n_ for: GATENOISE= 0
Sq = 1+0.075 (2.7-F-Cox/ G )
0 for: GATENOISE=1
pigth = 0.4

Sgth = Pigth * 4/ Sg - Sh
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(6.103)

(6.104)

(6.105)

(6.106)

(6.107)

(6.108)
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7 Parameter Extraction

7.1 Parameter Extraction Method

The parameter extraction for MOS Model 11 usingagatimization method is described step—by—

step in the scheme below. The equations used for the parameter extraction are the basic equations
of section2. It should be noticed that for the—channel MOSFET all voltage and current values

have to change sign upon entering the optimization progranpad/#ST is treated as an equivalent
n—MOST. The bias conditions to be used for the measurements are dependent on the supply voltage
of the process. Of course it is advisable to restrict the range of voltages to this supply Witgge
Otherwise physical effects, atypical for normal transistor operation and therefore less well described
by MOS Model 11, may dominate the characteristics.

The simultaneous determination of all parameters is not advisable, because the value of some param-
eters can be wrong due to correlation and suboptimization. Therefore it is more practical to split the
parameters into several groups, and, for each group, to measure the dc-characteristics according to
the indicated conditions and to determine the specific parameters. Although the poly-depletion effect
affects the dc-behaviour of a MOSFET, the poly-depletion parameter KPINV can only be determined
accurately fronC-V -measurements. If the (physical) oxide thicknggsnd the polysilicon impurity
concentratiorNp are known, the parameter KPINV-=(1/kp) can be calculated frofn

kP:tOX 2 g -esj NP (71)

€ox

If the polysilicon impurity concentratiohlp is not known, as a good first-order estimate one can use
Np = 1-10?°m~2 for n*-polysilicon gates andlp = 5- 10°°>m~2 for p*-polysilicon gates. In the
latter case a measur€g;g-Ves-characteristic for a long-channel transistor is essential for an accurate
determination of KPINV.

Before the optimization is started a parameter set has to be determined which contains a first estima-
tion of the parameters to be extracted and the parameters which remain constant. The galise of
calculated from the device temperatufgy according to eq.5.48. The value of smoothing factor

m is calculated from the device lengthand from the minimum feature size of the technoldgy

using eq. 5.23. The above equation is rounded off to an integer value.

The parameter set used as a first-order estimation of the parameters to be extracted is given in Ta-
ble 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 parameters after the second optimiza-
tion. Experiments with transistors of different processes show that the parameter set does not change
very much after a third optimization.

The parameter extraction routine consists of five different dc-measurements and one (optional) ca-
pacitance measurement:

e Measurement | : Ip/g,,/Ic—Vss-Characteristics in linear region:
n—channel Vgs=0... Vgyp (With steps of maximum 50 mV).
Vps =50 mV
VBS= 0... _Vsup

"For metal gates the poly-depletion effect does not occur and in this case KRINV
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Table 7.1: Starting miniset parameter values for parameter extraction of a typical
MOS transistor with channel length (m), channel widthW (m), ox-

ide thicknesd,y (m) and polysilicon impurity concentratioNp (m~2)

at room temperature. If the polysilicon concentratidgis not known,

one can us®lp = 1.10°°m2 or 5.10°>*m~3 for n*- resp. p*-polysilicon
gates. Paramete@y, CosoandCgpo 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 geometry-scaling of pa-
rameters, the last column indicates for which conditions the parameters
have to be extracted: L=long-channel device (fixed for short-channel de-
vices), S=short-channel devices, A=all devices and F=fixed parameter.

Parametenr Program Parameter Value Extracted
Name NMOS PMOS for
Ve 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-+/Np) | L
b8 PHIB 0.95 0.95 A
B BET 1.7-107%2 [toy - W/L | 45-10°% [t - W/L | A
Bsr THESR | 1.5-107° /tox 2.3:107° [ty L
Bph THEPH | 1.3-107% /t,, 2.2-10710 /toy L
Tmob ETAMOB | 1.3 3.0 L
v NU 2.0 2.0 L
6r THER 13-107 /L 8.0-10%/L S
OR1 THER1L |0 0 -
Oro THER2 |1 1 -
Bsat THESAT | 45-107 /L 20-107 /L A
67h THETH | 1.0-10°© 1.0-10°6 A
bl SDIBL | 50-102. (Lmin/L)? | 5.0-102- (Lmin /L)* | S
Mo MO 1.0-10°3 1.0-10°3 A
Osf SSF 6.0- 1072 Lmin /L 6.0- 1072 Lmin /L A
o ALP 6.0-1072 - Liin /L 6.0-1072 - Lin /L A
Vp VP 5.0-1072 1.0-101 F
m MEXP use Eq.5.23 use Eq.5.23 -
ot PHIT use Eq.5.19 use Eqg.5.19 -
a Al 25 100 A
& A2 25 37 A
& A3 1 1 A
leiny IGINV 3.0-10°% - W-L /te® | 40-10° - W- L /to® | A
Binv BINV 2.9-10"10. t,, 4.3.10M10. t,y L
leacc IGACC [ 3.0-10° - W-L/te® | 20-10°- W- L /to® | A
Bacc BACC Binv 2.9.10M0. toy L
VEBov VFBOV | 0.1 0.1 L
Kov KOV 9.3-1078 . toy 3.8- 1078 toy L
Icov IGOV 5.0- 10758 W /15 5.0- 1072 W /ty? A
Cox COX €ox [tox - W- L €ox [tox - W- L -
Cepo CGDO 30-101°%. w 30-10%°. w -
Csso CGSO 30-101°%. w 30-101°. w -
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p—channel Vgs=0... —Vgyp (With steps of maximum 50 mV).
Vps =-50 mV

e Measurement Il : Subthresholdp—Vgs-characteristics:
n—channel Vgs= V1 —-06V...Vt+03V
Vps = 3 values starting from 100 mV tds,
V|35: 0... _Vsup

p—channel Vgs= V1 +06V...Vt —-03V
Vps = 3 values starting from -100 mV te Vg

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

n—channel Vps=0... Vg (with steps of maximum 50 mV)
Vs = 4 values starting fronvt + 0.1V, not aboveVs,,
Vgs = 3 values starting from 0 V te- Vg

p—channel Vps=0... —Vgyp (With steps of maximum 50 mV)
Vs = 4 values starting fron¥t + 0.1V, not below— Vgyp
Vgs = 3 values starting from 0 V t&/syp

e Measurement IV : Ip/ls/lg/Ig—Vgs-Characteristics in all operation regions:
n—channel Vgs=-Vsyp. .. Vsyp (With steps of maximum 50 mV).
Vps = 4 values starting from 0 V t&/syp

VBS =0V

p—channel Vgs=-Vsyp. .. — Vsyp (With steps of maximum 50 mV).
Vps = 4 values starting from 0 V toV,
VBS =0V

e Measurement V : Ig—Vgs-characteristics:
n—channel Vgs=0... Vgyp (With steps of maximum 50 mV).
Vps = 3 values not abov¥syp

VBS =0V

p—channel Vgs=0... —Vgyp (with steps of maximum 50 mV).
Vps = 3 values not below- Vg
VBS =0V

e Measurement VI : Cyg—Vss-characteristic (optional):
n/p-channel Vgs = —Vgyp. .. Vsup (With steps of maximum 50 mV).
VDS =0V
VBS =0V

The values of transconductangg and output conductan@gs are extracted from thie-V-characteristics

by calculating in a numerical way the derivativelgfto Vgs and Vps, respectively. In the subthresh-

old measurements, Measurement Il, use is made of threshold votagéich has to be determined

for all the used bulk-source bias valuéss. The determination of is rather arbitrary, and it can be

either determined using the linear extrapolation method or the constant current criterion.

For an accurate extraction of parameter values, the parameter set for a long-channel transistor has to
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be determined first. In the long-channel case the poly-depletion parani&tettie flat-band voltage

Veg, the carrier mobility (i.e sy, 6ph @andnmoen) and the gate tunnelling probability factor8;{, and

Bacd can be determined, and they can subsequently be fixed for the short and narrow-channel devices,
see Tab7.1 In Table7.2the extraction procedure for long-channel transistors is given. Since the

Table 7.2: DC-parameter extraction procedure fornatype long-channel MOS
transistor, where Steps 2 and 12 are optional. p~type transistors all
voltages and currents have to be multiplied b§. The optimization
is either performed on the absolute or relative deviation between model
and measurements. Paramédigris 2.5 A for NMOS and 0.8uA for
PMOS. The parameteris only determined for temperatures unequal to
room temperature. Far-type MOS transistor8;.c = Biny, and as a
result Bycc does not have to be extracted. Hotype MOS transistors
this is not the case, see Tabl

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

1 ¢B , ko , ,3 , Osr I ID Absolute | —

2 VEg , Ko , kp, Cox VI ng Relative -

3 ¢B , ko , Mo Il ID Relative -

4 B, 0s, 6pn, (v) [ Ip /9y | Relative | Vsg=0V

Ves> V1 + 0.3V

5 mob I Ip Absolute | Ip > W/L - It

6 Osat 11 Ip Absolute | —

7 osf, o , O1h " Obs Relative | —

8 Osat 1] Ip Absolute | —

9 Iciny 5 Binv I I Absolute | —

10 IGOV ) (Bacc) ) IGACC ) ko\, v IG Absolute VGS <0V

11 &,,3H V Is Absolute | —

12 | Ves, kp, Cox VI Cyg Relative | —

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

value of body-factokg may change much over geometry and over technology, the first-order estimate
in Tab.7.1is very crude and a more accurate, preliminary value is obtained using Step 1. In Step 2
(optional) more accurate values of the poly-depletion parameties dnd the flat-band voltag€rg
(which determines the onset of accumulation) are extracted. Next the subthreshold parageters
ko andmg are optimized in Step 3, neglecting short-channel effects such as drain-induced barrier-
lowering (DIBL). After that the mobility parameters are optimized 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 parametessanddr, are determined in Step 7.
A more accurate value @5 can now be obtained using Step 8. The gate current parameters are
determined in Steps 9 and 10. Finally the weak-avalanche parameters are optimized in Step 11.

For short-channel devices the values of the poly-depletion paramgtgy flat-band voltage/rg,
the carrier mobility parameters(, pn andnmoep) and the gate tunnelling probability factol{, and

Baco of the long-channel device are copied, and next the extraction procedure as given iii.Bable
is executed. In contrast to the long-channel case, the extraction procedure for short-channel devices
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Table 7.3: DC-Parameter extraction procedure fondgpe short-channel MOS
transistor. Formp-type transistors all voltages and currents have to be
multiplied by —1. Parameters/Kp, VEg, Osr, fph, Tmobr Binv, Bacc and
kov are taken from the long-channel case. The optimization is either
performed on the absolute or relative deviation between model and mea-

surements.
Step| Optimised Measure-| Fitted | Absolute/| Specific
Parameters ment On Relative | Conditions
1 ¢B . Ko, B, 6R [ Ip Absolute | —
2 ¢ ko, Mo, ogin | |l Io Relative | —
3 | B.0R [ Ip /gn | Relative | Vsg=0V
Ves > V1 + 0.3V
4 Osat Il Ip Absolute | —
5 osf, & , O0th , Odibl 1l 9os Relative | —
6 Osat 11 Ip Absolute | —
7 lainy 5 lcov » leace | IV Is Absolute | —
8 a,a&,a& Vv Ig Absolute | —
9 Repeat Steps 2, 3,4,5,7 and 8

also optimizes the parameters for series-resistaacd DIBL.

AC-parameters: The AC-parameter€ox, Coso, Cepo, Kov andVegey cannot be (accurately) de-
termined from DC-characteristics, and as a consequence they have to be determin€i-ffem
characteristics. Since normal MOS transistors are symmetrical devices, one can assume that the
oxide capacitance of the source and drain extension are identical, which impli€&gsCcpo.

The oxide capacitance of the intrisic MOSFETF, can be extracted from Measurement VI. For an
accurate determination of the bias-dependent overlap capacitagge$=Ccpo), kov andVegey, the
following C-V -measurements have to be done:

e Measurement VII : Cyg—Vss-characteristic:

n—channel Vgs= —Vgyp. .. 0 (with steps of maximum 50 mV)
VDS =0V
VSB =0V

p—channel Vgs=0... Vgyp (with steps of maximum 50 mV)
VDS =0V
VSB =0V

e Measurement VIII : Cys—Vps-characteristic (optional):
n—channel Vgg =0V

VDS =0V

Vsg=0... Vgyp (with steps of maximum 50 mV)

p—channel Vgg =0V

8Note that in Tabl&’.3 parametersr, anddrs 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.
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VDS =0V
Vsg = —Vgyp. .. 0 (with steps of maximum 50 mV)

In Table7.4the extraction procedure for the AC-parameters is given.

Table 7.4: AC-parameter extraction procedure for a MOS transistor. Here it is as-
sumed thaCgsso = Cgpo. In the first instance flat-band voltayesoy
is not optimised, although it may be optimised during Step 1 in order to
obtain 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,Casso | VII/VIII | Cye/Cyg | Relative | —

2 Cox Vi Cyg Relative | —

3 Repeat Steps 1 and 2

7.2 Scaling of Parameters

Using the scaling relations of Chaptit is possible to calculate a parameter set for a process, given

the parameter set of typical transistors of this process. To accomplish this, transistors of different
lengths, widths and at different temperatures have to be measured. With the results of these measure-
ments 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:

1. determine minisetspg, ko, B, . ..) for all measured devices, as explained in Secfidn

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

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

An important part of the above-described parameter extraction is the determinatddnarid AW,

see egs.5.1) and 6.2), since it affects both the DC- and the AC-model. Traditionallyy can be
determined from the extrapolated zero-crossing inghesrsus mask widthW characteristic. In a
similar way AL can be determined from the/ g versus mask length characteristic. For modern
MOS devices with pocket implants, however, it has been found that the ablowxtraction method

is no longer valid 18]. Another, more accurate method is to measure the gate-to-bulk capacitance
Ceg in accumulation for different channel lengtH®]. In this case the extrapolated zero-crossing in
the Cgp versus mask length curve will give AL.

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

1. determine minisets at various temperature values (at least three) for the corner devices, i.e. the
long/broad, the long/narrow, the short/broad and the short/narrow channel transistor.
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2. the temperature sensitivity coefficients are optimized by fitting the appropriate temperature
scaling rules to these miniset parameters.

3. finally the temperature sensitivity coefficients are optimized by fitting the result of the scaling
rules and current equations to the measured currents of the corner 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 Pstar Specific Items

8.1 Syntax

n-channel geometrical model MN(D,G,S,B) <parameters
p-channel geometrical model M#®(D,G,S,B) <parameters
n-channel electrical model : MNE (D,G,S,B) <parameters
p-channel electrical model : MPE (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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8.2 Pstar Specific Values

The default values and clipping values as usedPbtar for the parameters of the geometrical MOS
Model 11 f-channe) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 1100 - -
1 LER m 1.0<10°%  1.0x10°%°

2 WER m 1.<10°°  1.0x10710 -
3 LVAR m 0.000 - -
4 LAP m 4.0¢10°8 - -
5 WVAR m 0.000 - -
6 WOT m 0.000 - -
7 TR °C 21.0 -273.15 -
8 VFBR Y, -1.050 - -
9 STVFB VK1 0.5x10°% - -
10 KOR VA/2 0.500 - -
11 SLKO V2m 0.000 - -
12 SL2KO V2m2  0.000 - -
13 SWKO V/2m 0.000 - -
14 KPINV V12 0.000 - -
15 PHIBR Y, 0.950 - -
16 SLPHIB vm 0.000 - -
17 SL2PHIB vnt 0.000 - -
18 SWPHIB vm 0.000 - -
19 BETSQ AV-2 3.709x10°* - -
20 ETABET - 1.300 - -
21 FBET1 - 0.000 - -
22 LP1 m 0.&10°% 1.0x10°10

23 FBET2 - 0.000 - -
24 LP2 m 0.&10°% 1.0x101° -
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No. Parameter Units
25 THESRR vl
26 SWTHESR m
27 THEPHR vi
28 ETAPH -

29 SWTHEPH m
30 ETAMOBR -

31 STETAMOB K-t
32 SWETAMOB m
33 NUR -

34 NUEXP -

35 THERR e
36 ETAR -

37 SWTHER m
38 THER1 V

39 THER2 V
40 THESATR v
41 SLTHESAT -

42 THESATEXP -

43 ETASAT -

44 SWTHESAT m
45 THETHR V3
46 THETHEXP -

47 SWTHETH m
48 SDIBLO V12
49 SDIBLEXP -

50 MOR -

51 MOEXP -

52 SSFR V12

66
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Default Clip low Clip high
0.400 - -
0.000 - -
1.29x1072 - -
1.750 - -
0.000 - -
1.40 - -
0.000 - -
0.000 - -
1.000 - -
5.250 - -
0.155 1.6¢10°10 -
0.950 - -
0.000 - -
0.000 - -
1.000 - -
0.500 - -
1.000 - -
1.000 0.000 -
1.040 - -
0.000 - -
1.0x10°% - -
1.000 0.000 -
0.000 - -
2.0x10°% - -
1.350 - -
0.000 - -
1.340 - -
6.25x10°3% - -
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No.

53
54
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

Parameter
SLSSF
SWSSF
ALPR
SLALP
ALPEXP
SWALP
VP

LMIN
AlR
STAl
SLA1
SWA1
A2R
SLA2
SWA2
A3R
SLA3
SWA3
IGINVR
BINV
IGACCR
BACC
VFBOV
KOV
IGOVR
TOX
COoL
GATENOISE

MOS Model 11, Level 1100

Units Default Clip low

m 1.810% -
m 0.000 -
- 1.0x102 -
- 1.000 -
- 1.000 0.000
m 0.000 -
Vv 5.0102 -
m 1.5x107 1.0x10°10
- 6.000 -
K1 0.000 -
0.000 -
0.000 -
\Y; 38.00 -
Vm 0.000 -
vm 0.000 -
- 1.000 -
0.000 -
0.000 -
AV 2 0.000 0.000
\Y; 48.00 0.000
AV-2 0.000 0.000
\Y; 48.00 0.000
\Y; 0.000 -
Vv1/2 2.500 1.¢10°12
AV-2 0.000 0.000
m 3.2<10° 1.0x101?

Fnrl 3.2x10°10 -
- 0.000 0.000
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Clip high

1.000

67



NL-UR 2001/813— June 2004

No.

81
82
83
84
85
86
87
88

68

Parameter
NTR
NFAR
NFBR
NFCR

L

W

DTA
MULT

Units

Vflm74
V»lmfZ

\fl

MOS Model 11, Level 1100

Default Clip low
1.656(10°2° -

1.573« 107 -

4.75210° -

0.000 -
2.000<10°% -
1.00x10°° -

0.000 -

1.000 0.000

Clip high

Unclassified Report
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The default values and clipping values as usedPbtar for the parameters of the geometrical MOS
Model 11 (p-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 1100 - -
1 LER m 1.0<10°% 1.0x10°% -
2 WER m 1.0<10°°  1.0x10°1°

3 LVAR m 0.000 - -
4 LAP m 4.0¢10°8 - -
5 WVAR m 0.000 - -
6 WOT m 0.000 - -
7 TR °C 21.0 -273.15 -
8 VFBR Y, -1.050 - -
9 STVFB VK1 0.5x10°% - -
10 KOR VA/2 0.500 - -
11 SLKO V2m  0.000 - -
12 SL2KO V2m2  0.000 - -
13 SWKO V/2m 0.000 - -
14 KPINV V-2 0.000 - -
15 PHIBR \Y 0.950 - -
16 SLPHIB vm 0.000 - -
17 SL2PHIB vnt 0.000 - -
18 SWPHIB vm 0.000 - -
19 BETSQ AV-2 1.150x10* - -
20 ETABET - 0.500 - -
21 FBET1 - 0.000 - -
22 LP1 m 0.&10°% 1.0x10°1° -
23 FBET2 - 0.000 - -
24 LP2 m 0.8&10°% 1.0x10°1°
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No. Parameter Units
25 THESRR vl
26 SWTHESR m
27 THEPHR vi
28 ETAPH -

29 SWTHEPH m
30 ETAMOBR -

31 STETAMOB K-t
32 SWETAMOB m
33 NUR -

34 NUEXP -

35 THERR e
36 ETAR -

37 SWTHER m
38 THER1 V
39 THER2 V
40 THESATR v
41 SLTHESAT -

42 THESATEXP -

43 ETASAT -

44 SWTHESAT m
45 THETHR V3
46 THETHEXP -

47 SWTHETH m
48 SDIBLO V12
49 SDIBLEXP -

50 MOR -

51 MOEXP -

52 SSFR V12

70
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Default Clip low Clip high
0.730 - -
0.000 - -
1.0x10°% - -
1.750 - -
0.000 - -
3.000 - -
0.000 - -
0.000 - -
1.000 - -
3.230 - -
0.080 1.6¢10°10 -
0.400 - -
0.000 - -
0.000 - -
1.000 - -
0.200 - -
1.000 - -
1.000 0.000 -
0.860 - -
0.000 - -
0.5x10°% - -
1.000 0.000 -
0.000 - -
1.0x10°% - -
1.350 - -
0.000 - -
1.340 - -
6.25x10°3% - -
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No.

53
54
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

Parameter
SLSSF
SWSSF
ALPR
SLALP
ALPEXP
SWALP
VP

LMIN
AlR
STAl
SLA1
SWA1
A2R
SLA2
SWA2
A3R
SLA3
SWA3
IGINVR
BINV
IGACCR
BACC
VFBOV
KOV
IGOVR
TOX
COoL
GATENOISE

MOS Model 11, Level 1100

Units Default Clip low

m 1.810% -
m 0.000 -
- 1.0x102 -
- 1.000 -
- 1.000 0.000
m 0.000 -
Vv 5.0102 -
m 1.5x107 1.0x10°10
- 6.000 -
K1 0.000 -
0.000 -
0.000 -
\Y; 38.00 -
Vm 0.000 -
vm 0.000 -
- 1.000 -
0.000 -
0.000 -
AV 2 0.000 0.000
\Y; 87.50 0.000
AV-2 0.000 0.000
\Y; 48.00 0.000
\Y; 0.000 -
Vv1/2 2.500 1.¢10°12
AV-2 0.000 0.000
m 3.2<10° 1.0x101?

Fnrl 3.2x10°10 -
- 0.000 0.000
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Clip high

1.000
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No. Parameter Units
81 NTR J

82 NFAR V-im4
83 NFBR V-im=2
84 NFCR s

85 L

86 W m

87 DTA K

88 MULT -

72

MOS Model 11, Level 1100 Unclassified Report

Default

Clip low

1.656¢10720 -

3.825¢ 1073
1.015¢10°
7.300x10°°
2.000<10°°
1.000¢10°°
0.000
1.000

0.000

Clip high
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The default values and clipping values as usedPbtar for the parameters of the electrical MOS
Model 11 f-channe) are listed below.

No. Parameter
0 LEVEL
1 VFB

2 KO

3 KPINV
4 PHIB

5 BET

6 THESR
7 THEPH
8 ETAMOB
9 NU

10 THER
11 THER1
12 THER2
13 THESAT
14 THETH
15 SDIBL
16 MO

17 SSF

18 ALP

19 VP

20 MEXP
21 PHIT

22 Al

23 A2

24 A3

©Koninklijke Philips Electronics N.V. 2004

Units

V
Vl/2

V—l/2

AV—2
V—l

V—l/2

vl/2

Default
1100
-1.0500
0.5000
0.0000
0.9500

Clip low

1.x10°12
0.000
1.61012

1.9215<10°20.000

0.3562
1.29x1072
1.4000
2.0000
8.12x1072
0.0000
1.0000
0.2513
1.0x10°°
8.53x10*
0.0000
0.0120
0.0250
0.0500
5.0000

1.x10°12
1.0x10°12
0.000
1.000
0.000
0.000
0.000
0.000
0.000
1.0x10°12
0.000
1.x10°12
0.000
1.610°12
1.000

2.663<1072 1.0x10712

6.0221
38.017
0.6407

0.000
1.61012
0.000

Clip high

0.500
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No. Parameter Units
25 IGINV AV 2
26 BINV \%

27 IGACC AV—?
28 BACC V

28 VFBOV \%

29 KOV V2

31 IGOV AV—2
32 COX F

23 CGDO F

34 CGSO F

35 GATENOISE -

36 NT J

37 NFA V-im
38 NFB V-1im—2
39 NFC v

40 TOX m

41 MULT -

74

MOS Model 11, Level 1100 Unclassified Report
Default Clip low Clip high
0.0000 0.000 -
48.000 0.000 -
0.0000 0.000 -
48.000 0.000 -
0.0000 - -
2.5000 1.6c10°12
0.0000 0.000 -

2.9%101“ 0.000

6.39210°1° 0.000

6.39210-1° 0.000

0.0000

0.000

1.65610-2° 0.000

8.323x 107
2.514x 10

0.0000

3.2107°

1.0000

0.000

1.0x107%? -

1.0x10712 -
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The default values and clipping values as usedPbtar for the parameters of the electrical MOS
Model 11 (p-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 1100 - -
1 VFB Y, -1.0500 - -
2 KO V12 0.5000 1.x10%2 -
3 KPINV V12 0.0000 0.000 -
4 PHIB \% 0.9500 1.6102 -
5 BET AV—2 3.8140¢10°40.000 -
6 THESR s 0.7300 1.x10°2 -
7 THEPH vl 0.0010 1.x10°12 -
8 ETAMOB - 3.0000 0.000 -
9 NU - 2.0000 1.000 -
10 THER vt 7.90x102 0.000 -
11 THER1 Y, 0.0000 0.000 -
12 THER2 \Y; 1.0000 0.000 -
13 THESAT Vs 0.1728 0.000 -
14 THETH V-3 0.000 0.000 -
15 SDIBL V12 3.551x10°° 1.0x10°%2 -
16 MO Y, 0.0000 0.000 0.500
17 SSF V12 0.0100 1.x10%2 -
18 ALP - 0.0250 0.000 -
19 VP Y, 0.0500 1.610%2 -
20 MEXP - 5.0000 1.000 -
21 PHIT V 2.663<1072 1.0x10°*2 -
22 Al - 6.8583 0.000 -
23 A2 v 57.324 1.&1012 -
24 A3 - 0.4254 0.000 -
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No. Parameter Units
25 IGINV AV 2
26 BINV \%

27 IGACC AV—?
28 BACC V

28 VFBOV \%

29 KOV V2

31 IGOV AV—2
32 COX F

33 CGDO F

34 CGSO F

35 GATENOISE -

36 NT J

37 NFA V-im
38 NFB V-1im—2
39 NFC v

40 TOX m

41 MULT -
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Default Clip low Clip high
0.0000 0.000 -

87.500 0.000 -

0.0000 0.000 -
48.000 0.000 -
0.0000 - -
2.5000 1.6c10°12
0.0000 0.000 -

2.71%10°4 0.000 -
6.358107° 0.000 -
6.35810°% 0.000 -
0.0000 0.000 1.000
1.656:1072° 0.000 -
1.900<10%%2 1.0x10712

5.043<10° - -
3.627x 10710 - -
3.%10° 1.0x1012 -
1.0000 0.000 -
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8.3 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 givei)(€le 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. HExg,, indicates the derivative of the char@eat terminal
X to the voltage at terminal, when all other terminals remain constant.

No. Symbol Program Units Description

Name

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

1 Lavi IAVL A Substrate current due to weak-avalanche

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

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

4 lgB IGB A Gate-to-bulk current due to direct tunnelling

5 Vbs VDS V Drain-source voltage

6 Vs VGS \Y Gate-source voltage

7 Vsg VSB V Source-bulk voltage

8 V1o VTO \Y Zero-bias threshold voltage: Vio = Vi + P -
(¢ +2-¢7) + ko /5 +2- 61

9 V1s VTS V Threshold voltage including back-bias effectsis = Vg +
Po - (Vsg +2-¢7) — (Vsg, — #8) + ko - /Vsg + 2+ ¢1

10 Viy VTH \% Threshold voltage including back-bias and drain-bias effects:

Vii = Ves + Po - (Vsg +2-¢1) — (Vsg — ¢8) + ko -
VVsg +2-¢1 — AVg

11 Vg7 VGT Vv Effective gate drive voltage including back-bias and drain
voltage effectsVgr = Vinvg

12  Vpsar VDSS \Y Drain saturation voltage at actual bias

13 Vpsy VSAT \Y Saturation limit: Vbs,s = Vbs — Vbsar

14 g, GM AV Transconductance (assum&gs > 0): gy, = d/ps / 9Ves

15 G GMB AV Substrate-transconductance (assuméss > 0): gy =
dlps /9Ves

16 gys GDS AV Output conductanceyys = d/ps /9 Vbs

17 Cppy CDD F Cop) = 9Qp /0Vbs
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No. Symbol Program Unit Description

Name

18 Cpe CDG F Coe) = —0Qp /3 Ves

19 Gos CDS F Co(s) = Co) — Coee) — Coe)

20 Cpe  CDB F Co) = 0Qp /3 Vss

21 GCgpy CGD F Cop) = —09Qc /8 Vps

22 GCge CGG F Coe) = 9Qs /9 Vas

23 G CGS F Co(s) = Co) — Cop) — Co)

24 Cgp CGB F Co@) = 90Qs /3Vse

25 GCspy CsSD F Csipy= —9Qs /3 Vps

26 Csg CSG F Cse)= —9Qs /3 Ves

27  Cgs) CSS F Cs(s)= Csc)+ Cs(p) + Cs)

28 Csp) CSB F Cs@) = 0Qs /3 Vsp

29 GCgpy CBD F Cep) = —9Q8 /0Vbs

30 G CBG F Cee) = —9Qs /0Vas

31 Gy CBS F Cgs) = Ce@r) — Cap) — Ca(c)

32 Ggp CBB F Cee) = —9Qs /0Vss

33 Cop,, CGDOL F Gate-drain overlap capacitance of the actual transistor:
Cebov = _BQOVL /8 Vbs

34 GCes,, CGSOL F Gate-source overlap capacitance of the actual transistor:
Cosov = 8Qov, /8 Vas

35 Wg WEFF m Effective channel width for geometrical models

36 Lg LEFF m Effective channel length for geometrical models

37 u U - Transistor gainu = g, /gys

38  Rout ROUT Q Small-signal output resistancBy, = 1 / ds

39 Vganry VEARLY V Equivalent Early voltageVeany = |/ps| / ds

40 Kef KEFF vV Body effect parameterker = Ko

41 Pett BEFF AN? Gain factor:Besf = 2 - |Ipg| /Vim,o2

42 fr FUG Hz Unity gaén frequency at actual bias: fr =
2”(CG(G)+CQSOV+CGDOV)

43 \/S,—Gth SQRTSFW VA/Hz Input-referred RMS white noise voltage densi(YS/—Gth =
VS /m

44 /Sug, SQRTSFF V4/Hz Input-referred RMS white noise voltage density at 1 kHz:

45 finee FKNEE Hz Cross-over frequency above which white noise is dominant:
finee= 1Hz- & (1H2) /Sh
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A Auxiliary Equations
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