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Abstract - MOS-AK is an European, independent compet
modeling forum created by a group of the engineers,
researchers and compact modeling enthusiasts to prmte
advanced compact modeling techniques and the model
standardization using the high level behavioral moeling
languages such as VHDL-AMS and Verilog-A. This inted
paper summarizes recent MOS-AK activities and presgs
advanced topics on the MOSEFTs modeling for low poev,
analog/RF as well as high voltage applications, gaall-around
MOSFETSs ballistic nanoscale modeling solutions, mtilomain
microsystem modeling, discusses links between congpanodels
and design methodologies and finally introduces elgents of the
compact models standardization.

Index Terms — Standard compact model, surface potential
based model, charge based model, MOSFET, HVYMOS, PIN
Diode, VDMOS, IGBT, MCT, VHDL-AMS, Verilog-AMS

|. INTRODUCTION

MOS-AK (MOS-Modelle und Parameterextraktidbeitkreis) is
an European, independent compact modeling (CM) nfiofid]
created by a group of the engineers, researchetscampact
modeling enthusiasts to promote advanced CM tedesignd the
model standardization using the high level behaionodeling
languages such as VHDL-AMS and Verilog-A. The MOB-&ims
to encourage interaction and sharing of all infdiomarelated to
the CM at all levels of the device and circuit cwerization,
modeling and simulations. The MOS-AK aspires toldua
community with global connections by: promotingr&tardization
of the compact models and its implementation imtitveare tools;
connecting national and local modeling groups orofean level;
building strong bilateral ties with similar orgaations around the
world. The group conducts regular meetings with opean
industry and academia to exchange information @ndinengths
and weaknesses of the industrialization of the @onhmodels [1].
Activities include: drafting of standards and pdiug a center of
competence for engineers, designers, managers &odiah
makers [2]; evaluating world-wide best practice aswccess
stories; delivering a comprehensive view of thedpean CM [3].
The MOS-AK believes that the transfer of the adeahdcCM
methodologies to industry can be accelerated byigirg the
comprehensive reports and reference papers on ulhiects of:
basic issues and concepts of the device charaatieriz and
compact modeling; global CM issues advanced CMQfqgsses;
examples and analysis of best practice of the caoumialization of
compact models.

This invited paper summarizes recent MOS-AK adgsitand
presents state of the art topics on the MOSEFTsefimzdfor low
power, analog/RF as well as high voltage/power iegpbns,
gate-all-around MOSFETSs, ballistic nanoscale madegolutions,
multidomain microsystem modeling, discusses linkstwieen
compact models and design methodologies and fimadlpduces
elements of the compact models standardization.

Il.  MIXED-MODE DEVICE/CIRCUIT SIMULATION

The accurate description of the various physicathmaisms
interacting in modern semiconductor devices has ornec
extremely complicated. While a decade ago the isolubf the
standard semiconductor equations [4] was suffidiemhost cases,
this has changed dramatically. Nowadays, accuret&ee models
must be able to capture a plethora of effects whidd to be only
of secondary importance. The most important of eheffects are
quantum effects such as confinement in the chaane gate
tunneling currents in MOSFETS, non-equilibrium dymies such as
hot carriers and velocity overshoot, self-heatiffgats due to the
increased power-density, and the influence of modmaterial
systems on the device performance, for instance tdudhe
introduction of ultrathin layers and the inclusiinstrain.

A highly accurate but still feasible description efich a
complicated system is provided by a solution of tBohAnn's
transport equation using a proper band structurelemceither
bulk-like [5] or on quantized energy-levels [6]-[doupled to the
Schrédinger equation. Quantum effects in transpoection are
likely of minor importance for MOSFETs with chamdehgths
larger than 10 nm [8]. Unfortunately, the solutiohthe coupled
Boltzmann-Schrédinger system is very time consunaing as such
unsuitable for studying the dynamic behavior of evice in a
realistic circuit. As a simplification, moment-bds@odels are used
in state-of-the-art device simulators [9], whicltioal for a much
faster evaluation, in particular if the solution thie Schrédinger
equation is replaced by simplified descriptions. [S}ill at the
expense of significantly increased computation ticoepared to
compact models, such a description allows one ¢lude realistic
geometries and doping profiles in two or three disiens [11], and
also to use much more accurate models for the phlygarameters
such as the mobility and their temperature depereteralthough
not at the same level of accuracy as can be olstafnem
Boltzmann's equation [12].

An important advantage of moment-based models, agcthe
classic drift-diffusion model, is that they lencethselves naturally
to an inclusion into a mixed-mode device/circuitting where
device and circuit equations are assembled intingles system
matrix and solved self-consistently [13][14] usiag extension of
the modified nodal approach [15]. Although suchagproach is
feasible and has a number of advantages over commadels, it
has to be kept in mind that each numerical devigeoduces
several thousand unknowns to the equation systéis. approach
is thus limited to a relatively small number of rencal devices
embedded into a circuit. However, all techniquesgioally
developed for circuit analysis can be extended twedamode
analysis, including large-signal dc, transient [1ghall-signal ac
[16], harmonic balance [17] and noise analysis .[Rjrthermore,
the applicability of this approach can be extenedsing compact
models for uncritical or already well characterizedmponents
restricting the relatively expensive numerical diggion to the
critical devices [11][14][18].

Despite these advantages, however, mixed-mode aiwml
might be too expensive for the evaluation of réilisircuits in a



production and circuit design environment. Howeweixed-mode
device/circuit  simulators have proven to be exctlle
complimentary tools [19] which can be particuladseful during
the development cycle of a new technology and fds@ompact
models. Since many different physical effects hewvée captured
by modern compact models the assessment of thkdataracy
has become rather involved. In particular, as i based
compact models are derived from the very equatimnserical
models solve, it is a comparatively easy task telwate each
aspect individually against its numerical solutioAlso, the
accuracy of compact models subject to dynamic bagnd
conditions can be evaluated in a straight-forwasshner.

lll.  ADVANCES INMOSFETCOMPACT MODELING

A. PSP-International Industry Standard

Over the last few years consensus has been retiwitettie next
generation compact MOSFET models must be surfatenpal-
based. Essentially, only this approach allows ameadcurately
reproduce device characteristics in a wide randaasfes including
the accumulation and weak inversion regime and hgsigally
model the source-drain overlap regions increasimgiyortant in
scaled-down MOS transistors. In fact, other appeac to
MOSFET modeling can be regarded as approximatiessribing
special cases of the surface-potential-based fationl [20].

The PSP model [21] is the latest and most advaM@SFET
model obtained by merging and developing the bestufes of the
two surface-potential-based models: SP [20] and MNP2]. In
May 2006 it was selected by Compact Model Counrgithee new
industry standard MOSFET model targeted to repB8#3/4 for
the advanced CMOS designs. As such it includesetiécts
essential in state of the art of MOS transistomnfrthe reverse
short-channel effect to the degradation of the lohgnnel output
conductance by the halo doping in advanced MOSF&Sigds.
The PSP model contains both quasi-static [21] amdquasi-static
[23] modules, the most advanced junction model ewerthe most
complete noise model found in any compact moddWGfSFET.
Verification of PSP has been achieved by detai@dparison with
several technology nodes from a variety of semiootat
companies down to 65 nm processes with 45 nm agijglits being
developed at the present time.

From the theoretical point of view, the developmehthe PSP
model was enabled by the solution of several Idagding
problems of MOSFET physics and modeling. These utel
symmetric linearization method that allows one &velop very
simple expressions for both the current and thmitel charges
without sacrificing any accuracy relative to theaditional
formulations. This has been demonstrated by extercgimparison
[21] with the charge-sheet and Pao-Sah models [28], Another
significant  theoretical breakthrough underlying th®SP
formulation is the rigorous inclusion of the drif¢elocity
fluctuations in the presence of the velocity satarna[26]. Further
theoretical advances include the original splinkocation method
for solving continuity equation in the PSP NQS mode
An interesting feature of PSP is the eliminationtloé iterative
loops inevitably present in all other surface-pttdrbased
MOSFET models. This is accomplished by developirigeenely
accurate analytical approximations for the solutmnthe first
integral of the Boltzmann-Poisson equation commdamipwn as
implicit surface potential equation. The latter hagn modified in
[27] to correct the problems encountered in thginail formulation.
The availability of the surface potential in theisze-drain overlap
region is another unique feature of PSP leadinghisical models
of the overlap capacitances, gate tunneling cusre@®iDL and

GISL and other second-order effects.

Apart from fitting the data, in the process of exsion by the
CMC, PSP has successfully passed a battery of berkhtests
including both the original and newly developed syetry tests. It
enables RF designer to address such issues asnachgiation
effects, modeling of passive mixers and variabd@gconductance
circuits previously off limits to the users of mdésl®@ther than SP
and PSP [28]. Both the code and documentation &P Bre in
public domain and are available for download [29].

B. The EKV3 MOS transistor compact model

The EKV3 MOSFET model is a charge-based compacteiod
for analog/RF IC design. Its origins go back to #8¥0ies when
weak and moderate inversion in CMOS started to dsl lamong
other in Swiss watchmaking [30]. Its early versiamsre among
the first compact models to successfully addressdemaie
inversion, by using an empirical current-voltag&atienship [31].
Form very early on, it introduced normalization qtiges for
current and voltage, later expanded to chargeuémecy etc.. It was
also among the first to adopt reference to sulestiastead of
source, and exploits the symmetrical forward-revesperation of
MOS transistors [32]. A design methodology basedhenlevel of
inversion (or inversion coefficient, IC) was devsdo [33].
Altogether, the EKV model approach is much morentad'black
box” compact model. Also, special characterizatieshniques
were developed. The pinch-off voltage measureneafirtique [34]
provides immediate information on channel-dopinigtesl effects,
such as threshold voltage, vertical non-uniformidgd35], and
substrate effect. Small-signal transconductances GMOS
technology are characterized versus level-of-inearand channel
length [36], providing a direct aid to circuit dgsers. Finally,
design-aids exploiting the above techniques [97fewdeveloped
(see also Section VIILA).

The initial voltage-charge relationship [37]-[38]asv then
refined to provide an accurate fit to the initialrface potential
model, without the use of fitting parameters [3Bfis approach is
then extended to include polydepletion [40], quantffects [41],
and non-uniform doping [35]. Vertical mobility effis are
addressed via three effective-field dependent eséagf terms,
intimately related to the charge model [38]. Vetpaaturation and
channel length modulation effects are handled siyrametric way
so as to preserve continuity of higher-order dénes at VD=VS
[38]. Further important specificities of the EKV3odel [42]
include developments for non-quasi static (NQS)raijpen [43],
RF operation [44], NQS thermal noise [45] and hauggdlof
short-thermal noise [46]. Further detail on EKV3yniee found in
[47][48].

IV. HIGH VOLTAGE LDMOS MODELING

A. MOS Model 20

MOS Model 20 [49]-[52] is a compact model for higbltage
LMDOS devices. The model can be used for LDMOS ceviwith
a short drift region (under the thin gate-oxideypnbs well as for
those with an extended drift region under a thieldfoxide. MOS
Model 20 is equipped with a dc-model, including aopionization,
a nodal charge model, and a noise model. In theemadl main
characteristics of an LDMOS device are includeck the effect of
the gate extending over the drift region and gsasitation [52].
Furthermore, MOS Model 20 is completed with bothgkl- and
width scaling, as well as with temperature scating self-heating.
The documentation and source code (in both C amiioyeA) of
the model are available in the public domain [53].

MOS Model 20 is a surface-potential-based modeljclwvh



combines the MOSFET channel region with the defion in one
model. The potential at the internal drain at thel eof the
MOSFET channel region is computed inside the mddelf [50].
In the channel region of the device the effectmobility reduction,
velocity saturation and channel length modulatias, well as
drain-induced barrier lowering (DIBL) and staticefiack are
included. In the drift region both accumulation ahebletion are
included, as well as mobility reduction, velocitgtgration and
pinch-off. Furthermore, impact-ionization occurrimg both the
channel region and the drift region is included.

MOS Model 20 has extensively been verified in corigue to
measurements, for a wide range of LDMOS device$-[BH. It
has proven to give accurate results in all regime®peration,
ranging from sub-threshold to far above threshatdboth the
linear and saturation regime. The model demonstreteellent fits
to measured |-V and g-V curves, as well as to dégaes from
S-parameter measurements. Typical effects likeiepadaration, a
negative output conductance due to self-heatingd, taa drop of
the gate-drain-capacitance above threshold are ratety
described.

MOS Model 20 has been successfully used in cisimitilations,
where it has proven its robustness and fastnessigerin circuit
design. By having all currents, conductances, dwargnd
capacitances continuous, it shows excellent comveg behaviour
during circuit simulations. Thus, MOS Model 20 cangs
accurate descriptions of LDMOS devices with robastd fast
circuit simulations.

B. HV-EKV Compact Model

The HV-EKV model has been developed in the framéwadr
'ROBUSPIC' European Commission project (IST-5076F3)].
The HV-EKV model [55]-[57] is a scalable generagthivoltage
MOSFET model, which can be used for any high veltstOSFET
with extended drift region. This model includes amaphysical
effects like the quasi-saturation, impact-ionizatand self-heating.
The model has been implemented in the Verilog-Aglamwe to
make it portable on any commercial circuit simulatb has been
demonstrated [55]-[59] that the accuracy of the ehdglbetter than
10% for DC I-V and g-V characteristics and showsdjbehavior
for all capacitances which are unique for theseicgsvshowing
peaks and shift of peaks with bias variation. Thedeh also
exhibits excellent scalability with all physical danelectrical
parameters such as transistor width, drift lengtimber of fingers
and temperature. The model provides excellent {ofidbetween
speed, convergence and accuracy, being suitable ci@uit
simulation in any operation regime of high voltag®SFETSs.

Any high voltage MOSFET is considered divided inan
intrinsic MOS region and a drift region, as therimtic drain

voltage (W) always remains at low values for the entire bias

domain [57]. The intrinsic transistor is modeledngslow voltage
EKV model (EKV2.6) [95] while modeling of drift régn is

carried out by the scalable bias dependent resst&T]. The main
reason behind using EKV model for intrinsic chanisethat it has
physical expressions for current and charges, mootis from
weak to strong inversion and, it uses less numibgracameters,
which can be easily extracted.

The charge associated with gate is the sum oftiheges related
to intrinsic-drain (\%), source, body and drift. The charges
associated with the intrinsic MOS are directly ated from EKV
model. The drift accumulation charge is obtainednitggrating the
drift charge density over the gate overlap lengdsuming surface
potential varies linearly in the drift region. Thanulated transfer
characteristics of the high voltage VDMOS transistoow that the
accuracy is excellent for the entire bias ranges $dime applies to
the Gsp Vs. Vg curves, demonstrating that the peaks in capa@tanc

are well modeled by the model. Furthermore, theumy on
capacitances can be improved by implementing thierdh
non-uniform doping in the intrinsic MOS channeltogh voltage
devices [60]-[62].

V. PoOwERDEVICESCOMPACT MODELS

Many CAD programs have been developed in microelagts
and successfully applied to circuit analysis. Thegtion arises, why
until now there are no CAD programs suitable fowep circuit
analysis?

The basic parameters of modern power devices asepted in
Table 1.

Table 1. The basic parameters of the most comnapuijed
modern power devices.

VDMOS IGBT GTO GCT
Vu [V] 1000 4500 6000 6000
I [A] 350 900 6000 6000
ton [US] 0.1 0.2 10 -
storage time [us] 0 6 30 5
f1 [kHz] 2000 100 1 1
Von [V] very high low venylow | very low

In all types of these devices, the blocking cajghis a function
of the large base widthW and its doping concentratioNp. For a
high value of blocking voltage, the semiconductervides must
have a low doping and a large width of the basee Tharge
transport through the base cannot be instantaremdishe voltage
drop over such structure cannot be neglected.

For example, on-state resistari&g, for a unipolar 1600V device
(Np=1.25E14cri) will be equal to 0.46®. In the case of high
current, this value is definitely too high.

In the case of a bipolar device, due to the diffasimaximum
current density is much higher and consequentlyctiieesponding
voltage drop much lower than in the case of unipalavices.
Additionally, in the bipolar structure some effecesulting from
effective base doping changes can appear, for deartie base
widening effect, and thyristor effect rendering tlme additional
current capability.

In the case of power devices with a high valuehefélectric field,
one can assume that all the charge carriers aeetatdttain their
maximum speed. In the case of unipolar devices évem very
large base the transit time is very short andhénnbajority of cases,
the internal time constant of the device can béewted, comparing
with the time constant of the external circuit.

The situation is different in the case of the bépalevices. The
transit time through the large base is very long e internal time
constant of bipolar devices can be much larger tthen time
constants of the external circuit. In such a cassimple lumped
model cannot be any longer used. It is necessadakéointo account
the carrier transport inside the bipolar deviced andistributed
model should be applied. Until now such a modelri@sxisted in
the commonly used circuit CAD simulation programs.

In the case of the unipolar devices like VDMOSthie normal
mode of operation, majority carriers are respoesibt the current
conduction. Therefore, it is possible to build #atigely simple
compact model [64][69][70] taking into account ahternal
elements of unipolar structure.

In the case of unipolar devices we have:

* no problem with the diffusion phenomena

« very good accuracy with the lumped models

« clear physical/geometrical interpretation of moplelameters

« distributed models are necessary only for modeléhghe body
diode operation.



Such a simple approach cannot be applied in the afa bipolar
structure such as PIN diode, BJT, thyristor, or TGBAIl the
important phenomena occur in the large base (swdhse in the N
region):

« there is a problem with the diffusion (minority Gars)

« the accuracy of computation is very poor with t@ped models,
therefore new compact models are very welcome

« for correct simulation, distributed models ard scessary

The designers of power circuits need relativelyd@émodels which

can be applied in standard SPICE-like circuit satioh programs

with the possibility of high power circuit simulati. In order to

make the power device simulation possible, a n@e tf the PIN

diode compact model has been proposed [72], wihersd-called

‘modular’ approach is applied with several regiasfsdifferent

physical and/or electrical nature. This approacktowa for

decreasing the simulation time considerably withenu important

loss of accuracy [65]-[67].

The well known, one-dimensional Benda-Spenke mf&#&jl has
been adopted for this purpose. The behaviour afedtaharge
carriers can be described by means of the ambipifusion
equation, solution of which is obtained with a nuiced algorithm.
A new efficient, the CWEN®scheme [68], is used to ensure high
computational stability and good accuracy.

The negative voltage drop in the space charge megan be
calculated applying the Poisson’s equation [72hwipplication of
Newton-Raphson method. In the proposed approaetsithulation
software runs on a network server and the userfamie is provided
by a web page ensuring data entry point and rgsekentation
[73][74].

The circuit simulation core has been based on SRi€fause of
high popularity and strong position of SPICE-likemslators.
Simulation results obtained with the proposed moaetl the
developed simulation environment show a good ageeémith 2D
simulations performed with other simulators [66$&d on the finite
boxes method. Erroneous results are obtained howeite the
built-in SPICE diode model with fitted parameters.

Having developed a better PIN diode model, it isside to
simulate a realistic behaviour of circuits contaghipower diodes
and VDMOS transistors. One should note that a peid@al design
process might require the designer to considertbetro-thermal
couplings in power devices. However, it seems thatdeveloped
tool offers new possibilities in comparison to @ntly available
commercial CAD packages.

VI.

A. Short-channel DG and GAA MOSFET Modeling

Nanoscale double gate (DG) and cylindrical gatexadund
(GAA) MOSFETs have been identified as strong caaudisl for
replacing the conventional bulk MOSFET in the cogriive to ten
years, to meet the ever growing demand for higredpew-power
CMOS circuitry [75]. A major impetus for this adwanis the
improved gate control and the concomitant reduction
short-channel behavior offered by these devicegdesi

To achieve the needed accuracy, the multi-dimeasigrof the
potential and inversion charge distributions hasé¢otaken into
account. In the subthreshold regime of operatioa,alectrostatics
in the device body is dominated by the capacitmepting between
the source, drain and gate electrodes. We havedfthat for the
DG MOSFET, the 2D Laplace's equation can be coevelyi
solved by conformal mapping techniques [76]-[81]elding
analytical results in a complex, transformed plafiee mapping

NEw CM ARCHITECTURES

! CWENO - Centered Weighted Essentially Non-Osaitlat

back to the real device geometry is performed bymeof first
order elliptic integrals.

The GAA MOSFET is basically a 3D structure and crie
analyzed directly the same way. One possibility tds solve
Poisson's equation in cylindrical coordinates byanseof a series
expansion in Bessel functions [82]. However, weehound that
the above analytical results for the DG structune loe successfully
applied to the GAA as well, by performing an appraig scaling
of the device to compensate for the difference aegcontrol
between the two devices [83]. Important parametersthis
procedure are the characteristic lengths of peti@tra,g andigaa
of electrostatic influence from the source and rdrawards the
device center for the DG and GAA geometries, rebgy. Hence,
for modeling a GAA device of length, we calculate the potential
distribution for a DG device with length' = LApg/Agaa. The
resulting potential distribution is then compressadormly in the
length direction using the scaling factfaa/log and assigned to
the GAA MOSFET.

In strong inversion, the electrostatics of the D&l she GAA
MOSFET approach the long-channel behavior describef84]
and [85], respectively. The potential distributisrthen dominated
by the inversion charge, allowing it to be self-sistently
described by a 1D Poisson's equation in Carted®) (or polar
(GAA) coordinates. A drain current model based loa ¢lassical
drift- diffusion formalism was used. The modelingsvapplied to
nanoscale DG and GAA MOSFET with gate length of 2B,
silicon film thickness of 12 nm, and insulator bfckness 1.7 nm
and a relative dielectric permittivity of 7. A miglg gate metal was
assumed. Both the modeled electrostatics and dwairent have
been verified by comparisons with numerical dewsimulations
from the Silvaco's Atlas device simulator.

B. Ballistic Nanoscale MOSFETs

In ballistic transistors, charge carriers travetie channel
without suffering inelastic and undesired elastattering events.
The only type of scattering occurring is due to plogential barrier
in the channel modulated via the gate voltagehéndhannel two
populations of carriers are present: those injebtethe source and
still in equilibrium with the source reservoir (feard states), and
those injected by the drain and therefore in elguilm with the
drain reservoir (reverse states). Transport isrotetl only through
the maximum potential energy in the channel, cpoeding to the
peak of the barrier formed by conduction band etigeveen
source and drain [86]. Electrostatics in the devécdominated by
the charge density at the peak of the conductiowl lemige barrier,
which is controlled by the voltage applied to tleentinals both
through geometrical capacitances and by the sedcafuantum”
capacitances, i.e., the derivatives of the changected through
each contact as a function of the potential atitheier peak. A
closed form solution for ballistic MOSFETs has befsmived by
Natori [87] and reformulated by Ren et Lundstror@][&nd Wang
et Gindelblat [89]. A closed-form solution similéw the Natori
model, with the advantage of being analytical, Eipland
inherently symmetric, has been proposed in [90].

A partial degree of scattering has been addresgéutioducing
a “backscattering coefficient” which takes into agot the ratio of
forward charge carriers that are backscatteredénchannel and
contribute to the reverse flux [91]. Alternativeli, has been
recently shown that starting from the Buttiker prshinterpretation
of dissipative transport [92], a description of DGEFETSs in the
intermediate regime between ballistic and driffudifon transport
is rigorously possible in terms of a chain of lxii MOSFETs
[90]. When the MOSFET is fully ballistic, the egalent chain
reduces to one single ballistic MOSFET; when tranispccurs in a
quasi-equilibrium regime, such as that describedlfify-diffusion



currents, the equivalent chain consists of a larigmber N of
ballistic transistors in series, where N is appmadively the ratio
of the channel length to the mean free path. Archath a small
number N corresponds to a quasi ballistic MOSFRIFtHer, it has
been demonstrated that a chain of N ballistic ist;is can be
effectively reduced to a series of only two tratss with a
common gate: a drift-diffusion transistor closetlie source and a
ballistic transistor close to the drain. In suchay, the series of the
drift-diffusion transistor and of the ballistic trsistor is a compact
macromodel capable of describing transistors withh degree of
scattering, and is suitable for circuit simulatwith an acceptable
overhead. The case of degenerate carrier statigtichallistic
transistors has been addressed in [93].

VII. TRANSISTOR LEVEL DESIGN

A. Procedural Analog Design Tool - PAD

PAD is a chart-based design environment dedicatéloet design
of analog circuits aiming to optimize design andalgy by
assisting designers to find good tradeoffs [94] Tharts approach
enables the transcription of a set of mathematiglations into an
appropriate interactive graphical representatiohis Tinteractive
tool allows step-by-step the design of analog céls using
guidelines for each analog topology. At each step user modifies
interactively one subset of the design parametedsodserves the
effect on other circuit parameters. At the endpptimised design
is ready for Spice like simulation, verificationdafine-tuning. The
analog basic structures design embedded in PADthsesomplete
set of equations of the EKV MOS model [95], whichké the
equations for weak and strong inversion in a comwis way. In
addition to this, the present version of PAD cowes procedural
design of transconductance amplifiers (OTAs) andferint
operational amplifiers topologies. This design metlogy is

[97][98][99].

In addition to the PAD tool, an automatic convegagine from
BSIM to EKV module has been realized. This last ereacts the
EKV MOS model parameters used in PAD from BSIM peaeters.
This tool uses Spice simulator to perform an extensimulation
of different MOS devices dimensions. Then impleradnt
mathematical fleeting algorithms are provided talize the
extraction of EKV MOS model. Finally, included bémearks OTA
cells are used to display and allow the designercampare
simulation results obtained from BSIM original paeters and
EKYV generated one [100].

B. Random Mismatch in Compact Models

The functionality and circuit yield of analog sewomductor
circuits (e.g. operational amplifiers, bandgap mafiee circuits,
A/D converters, etc.) relies on good matching prioee of devices
used. Random mismatch caused by local variationsthef
production process strongly influences the criticglkctrical
parameters of the circuit components. Consideringvice
mismatch during the design phase enables yieldigired and
improved circuit robustness. Based on extensivetisttal
measurements of matched pairs using special testtustes,
mismatch parameters are extracted to be part ofiitisimulation
libraries for Monte Carlo simulation.

Random mismatch is defined as the local parameteéation of
semiconductor devices with identical layout placéose to each
other and describes electrical differences of achet pair. The
mismatch is caused by the random nature of theepsosteps (e.g.
ion implantation or dopant diffusion).

This leads to a local variation of important elmetk parameters
of the device, such of the threshold voltagg and the current gain
factorKp in case of a MOSFET.

For any matched pair of transistors and the ets=dtparameter

based on glp [96], and therefore uses the inversion factor as aP. letP, andP, denote parameter values for each individual device

main design parameter.

At basic cell level, an analog structures librasyembedded in
PAD, such as: single NMOS or PMOS device, curreitram
differential pair, cascode stage, cascode currantm, etc. For
each structure, a set of general parameters (sigakl model, DC
biasing values, parasitic capacitances, noise, dspe¢c.) is
graphically displayed. Some specific parameters aédse shown
(maximum DC offset for diff. pair, current mismatébr current
mirror, etc). This enables to analyze basic strastibehavior in the
environment of a given circuit, and observe pareansethat are
important for design trade-offs. The basic analtsgcsure sizing
consists in setting priority targets (gain, nosgged, etc). After the

The mismatch oP is described by the statistical distributionAé¥
= P; — P,. In case of pure random mismateff, ~N(x,0) is normal
distributed and the mean valueis close to zero indicating no
systematic offsets. The standard deviatigddP) is the relevant
mismatch parameter.

Generally, large devices show small random mismgi€l6]
which holds up to a specific device area. For lamgvice area
mismatch becomes even worse when global paramatétions
within the device are reached. Special assignadspraictures, like
common centroid and interleaved layouts are usetbtopensate
these systematic effects [103]. This technique tamdilly reduces
the influence of temperature gradients on the waférich may

bias current is set and thentlp ratio is chosen, according to the Cause considerable mismatch [107].

electrical circuit specifications, the only varieblto change are:

transistor width W and transistor length L. Simo#eausly, the
changes of all other parameters can be observes nfdthodology
can be used for sizing, as well as for optimizatowl resizing of
circuit blocks.

The current PAD tool version enables systematicigde®f
operational transconductance amplifiers (OTAs) adifferent
operational amplifiers structures and linear vadtaggulators. Each
of these cells is partitioned into basic analogicgttre and the
procedural design methodology is applied. The ptod design
flow is illustrated here on the example of a fold=bcode OTA
circuit. The procedural analog design flow implemeenn PAD for
this design consists of: circuit partitioning inteasic analog
structures, basic analog structures sizing andiititevel design.
For each topology proposed in PAD, a set of cirtexel design
equations is integrated in PAD, at each step ofgdethe reached
circuit performances is presented in a graphical teahe designer

As can be expected, the parameter variatitfiare quite small
guantities and the crucial points for mismatch peater extraction
are the application of a proper model and the aliogrparameter
extraction strategy. It can be distinguished betwdieect methods,
where model parameteR, P,, are extracted separately for each
transistor of the matched pair and so called ctiren
mismatch-fitting methods, where the variam¢gP) is determined
by a fit too(41p/lp) versus Vs characteristics [101]-[106]. In both
cases the accuracy of the used drain current naodethe accuracy
of the measurement strongly influence the resulthiezed.
Generally, simple drain current models are usedthedxtraction
is performed for less correlated parameters. Simpidels reduce
the extraction effort and additionally provide welktermined
results due to small or negligible parameter cati@h. On the
other hand the model does not consider e.g. p@arasintact
resistances and for the saturation region DIBLatéf@nd velocity
saturation.

Commonly used direct methods to extract mismatchthef



threshold voltage and current gain factor are tlaimum slope
method, the three points method and the four pomgthod [101].
The indirect current-mismatch-fitting method fitssemple model
over a large bias range, where modeling errorsasegaged out
over several parameters. It gives a reasonablenasti of the
mismatch behaviour.

The measurement data fdP consists of the mismatch part and
additionally of unwanted parts due to measuremesisenand
contact resistance fluctuations. Large devicesnarst susceptible
to measurement noise because their intrinsic migmiatquite low.
A figure of merit is the correlation coefficienttiseeen the original
and a repeated measurement. Further, a changéatgea current
measurement range will decrease the measuremeeatadyility
drastically [101].

The current-mismatch-fitting method fits a simpledsal over a
large bias range, where modeling errors are avdragg over
several parameters. It gives a reasonable estiofiatee mismatch
behaviour.

VIII.  MULTI-ENERGY DOMAIN-COUPLEDMICROSYSTEM

MODELS

A. Specific Aspects of MEMS Modeling

In spite of what they have in common, there aresshaspects
in which microsystems technology largely differsrfr integrated
circuit (IC) technology. ICs are composed of a eathimited
number of elementary device structures, fabricdtgdmeans of
quasi-standardized design rules and process teaiasl In the
field of MEMS, however, an ever growing variety different
device types has emerged, based on a large nuniberdely
differing (and sometimes quite unconventional) iedtion
technologies. Therefore, today's challenge in tmaputer-aided IC
design consists in mastering very complex systgmlogies built
up by a huge number of simple basic elements, \alene the
computer-aided design of micromechatronical systemgace the
problem of describing systems with simple topolbgyit up by a
comparably small number of constituent devices tvhiowever,
exhibit a high functional complexity based on qustephisticated
physical operating principles.

The complexity of microsystems originates in paite from
the intricate coupling between different energy amphal domains
which, on the one hand, is the inherent and musciret property
of any sensor or actuator element in a microsysaech on the
other hand, is an undesired detrimental propertgnab occurs as
parasitic cross-coupling between the system compgenéience
the accurate analysis of all kinds of physical dimgpeffects has a
major impact on the optimization of microsystems & thus, the
most important issue that has to be tackled inctiveputer-aided
design of microsystems.

B. Lumped Element and Compact Models

On physical device level, MEMS simulation is based
continuous-field models (CFM), where one deals vspatially
distributed field quantities, if needed as a fumctiof time.
However, with a view to assessing the performande ao
microsystem, the analysis primarily aims at intégrantities such
as input-output characteristics, response functiamg transients
characterizing the function of the constituent congnts. To this
purpose, the degrees of freedom in the CFM desamifiave to be
largely reduced by proper approximations. This rsakeossible
to calculate the operational behavior of the reatrosystem
component by an equivalent but much simpler "reduoeder
model" that still reproduces all important physiediects of the
device operation correctly, but allows, by virtué its relative

simplicity, the simulation of the component behawa the system
level [107][109]. The usual approach is to derive equivalent
lumped element network from the simulated fieldriisitions. The
dynamic behavior is then described by a set of lemlipompact
models, where the model parameters have been tdréiom

physics-based but much more complicated contindielss-device

simulations.

C. Microsystem Macromodels Based on Kirchhoffian
Network Description

Finally, on system level, all the compact modefsresenting the
individual constituent elements of a microsystene dinked
together in order to study the behavior of the aysts a whole
under the operating conditions of interest. An afegand powerful
physics-based methodology for this is provided bytharmo-
dynamic system description in terms of driving &8@nd resulting
fluxes of the relevant physical quantities [110][L1Partitioning
the system into blocks and lumping the exchang&ugfquantities
between adjacent blocks along common interfacessingle nodes
eventually yields a full system description as "Ematized
Kirchhoffian Network", which is governed by gener@d mesh
rules and node rules for each pair of conjugateefiuand driving
forces (e.g., electric current — voltage, heat flewvtemperature,
mass flow — pressure, etc.). This constitutes arabtpproach to
microsystem simulation, because the coupling betwebe
different energy and signal domains is governeddasic physical
balance equations for energy, particle numberssnasarge, and
other extensive quantities. The resulting full sgstmacromodel is
equivalent to a system of ordinary algebro-difféi@requations for
the node variables, which can be straightforwastlived using a
standard analog network simulator.

One should note that only one of a pair of conjegptantities is
determined inside the blocks, whereas the resgectimjugate one
can be calculated from the conservation laws gaongrrthe
network. So the Kirchhoffian network description iis a certain
sense, the natural extension of electric circugotl, where the
branch currents and node voltages are determinéhebgystematic
application of the "current sum rule" at the nodes the "voltage
mesh rule" along a closed loop of the network, fmty with the
extension that also physical quantities other thiactrical charge
are allowed to flow through the network.

The Kirchhoffian network description is also usefot testing
the function of one (or a few) system element(sjhendevice level
(i.e. continuous-field level), when they are embestidn the full
system environment (for instance, a sensor elecmuled to the
electric circuitry [112]). To this end, a few sdied single
components are modeled using the device-level (Cédgription,
while the rest of the system is treated using cotiosal
system-simulation techniques. This approach isrmedeto as
"mixed mode" simulation, since physically-basethatical models
and semi-analytical compact models are used cogmtlyr

A generic software approach to MEMS compact moddhiased
on generalized Kirchhoffian networks is a hardwadesscription
language like VHDL-AMS, which represents a standaad model
interface in analog network simulators and, funthere, allows the
description of arbitrary physical energy and sigdamains in
addition to the electrical quantities.

IX. CM STANDARDIZATION

A. Compact Modeling of Emerging Technologies
with VHDL-AMS

The modeling team of the INESS research institlii][ deals
with the compact modelling of bulk MOSFET and adyah



technologies such as double-gate (DG) MOSFET and RENY
(Carbon NanoTube FET), for a use in design of analed mixed
circuits. Its major goal is to bring simple solutsy numerically
efficient and close to the physics of the deviggESS compact
modelling group also studies the capabilities of DIHAMS for
developing compact models [114]-[116].

VHDL-AMS [117] is a HDL language which supports the
modeling and the simulation of analog and mixeaaigystems. It
supports the description of continuous-time behawor compact
modeling, the most interesting feature of the lagguis that it
provides a notation for describing Differential Algraic Equations
(DAES) in a fairly general way [114]. Tremultaneoustatements
and the way the quantities (bound to terminalsee)fare declared
allow the designer to write equations in either ligipor explicit
format. VHDL-AMS supports the description of netksras
conservative-law networks and signal-flow networks. such, it
supports the description and the simulation of Ruificipline
systems at these two levels of abstraction. Coasigeslaw
relationships assume the existence of two clastesperialized
quantities, namelacrossquantities that represent an effort (e.g., a
voltage for electrical systems), atidoughquantities that represent
a flow (e.g., a current for electrical systems).

For the model end-user (circuit designer), the niogtortant
part of the VHDL-AMS model is the interface, comtd in what is
called anentity in VHDL-AMS. The model interface includes the
specification of generic parameter and interface. piche generic
statement allows the designer to define its owrueslfor the
model parameters. Typically, geometrical W and &nsistor
parameters are defined as generic for bulk and CUSVET.

Following its involvement in the development of tBKV v2.6
MOSFET model [95], INESS compact modeling group has
developed different VHDL-AMS codes of this modei¢luding or
not thermo-electrical interactions and extrinsipeass [114]-[115].
Some -beta- versions of these VHDL-AMS models ofVER.6
can be downloaded in [116].

Another study aimed at developing in VHDL-AMS a piified
version of the MM11 Philips model taking into acobuthe
quantum mechanical effects [114][115][118]. CurheninESS
group is working on the compact modeling with VHBIMS of
nano-electronic devices such as double-gate MOSEE]]-[121]
and CNTFET [122]-[124].

In addition to the above-mentioned works, INESSugrand
co-workers achieved a detailed study on commoesalitand
differences between the two mixed-signal hardwaescdption
languages, VHDL-AMS and Verilog-AMS, in the casenuddeling
heterogeneous or multidiscipline systems [114]. ViHDL-AMS
and Verilog-AMS source files of [114] can be dovaded in [116].

In conclusion, INESS compact modeling team has dstrated,
during the last years, the usefulness and effigi@ic/HDL-AMS
as a powerful tool for circuit simulation includingmerging
semiconductor devices.

B. Bring Today’s Compact Models into Simulators
using ADMS

This section gives a brief overview of the solusiaturrently
available to bring compact models into simulato@ompact
models can be viewed as a set of electrical equativat describe
at different levels of precision the electrical jpedies of
semiconductor micro-structures [125][126]. MOS siators and
bipolar transistors are amongst the most familizangples of
semiconductor micro-structures. Recently the Cornpéadeling
Council (CMC) adopted Verilog-AMS [127] as the stard
language to write the electrical equations of cathpaodels. In the
last two years more and more companies and uniieysire using
this language to code the electrical equationsoofipact models.

NXP (formerly Philips Semiconductors) and the AnaoState
University are delivering the successive releasd?3P [29] — the
new CMC-approved standard MOS transistor model lie t
Verilog-AMS format. They also provide a releasethe C format
language automatically derived from the Verilog-AM8de. The
Technical University of Dresden (HICUM team [131hd the
Technical University of Delft (MEXTRAM team [132]are
proposing a Verilog-AMS-based implementation ofirtHa@polar
compact models on their respective download webssitt is
interesting to note that just recently the MEXTRA®AmM decided
to move the source code of MEXTRAM to sourceforge.nan
open-source development web site [132]. Using ah-legel
behavioral description language for compact modelimakes far
easier the development of compact models. All tine-funing
work of bringing compact models into simulators gde the
shoulders of the EDA companies. This allows the mach model
developers to better focus on the modeling perfacea of their
models. Today the major EDA companies offer a smiuto run on
the fly simulations of electrical circuits that inde Verilog-AMS
coded files. An open source software tool—callegb@atic device
model synthesizer (ADMS)—that supports and simggifcompact
model development, implementation, distribution, intenance,
and sharing has been proposed by Freescale [138]-[ADMS
has been designed to make these tasks simplaesffiand robust.
The ADMS tool parses the Verilog-AMS code and sahescode
into an intermediate representation. Then the nmeiiate
representation is translated into a new format. Wag the new
format is created is entirely specified by xml ptsi To each
simulator interface is associated a set of xml pssri Some
companies (i.e. Cadence) make freely availablexthiescripts that
they wrote for their simulator interfaces.
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