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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 model, Mos MODEL 11, 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 and Documentation

April 2001 : Release of MOos MODEL 11, level 1100, test version
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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 behaviour [L]. The 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 expression [2]. 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 Model 9 B].

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

e Preprocessing: The complete set of all the parameters, as they occur in the equations for
the various electrical quantities, is denoted as the set of actual parameters, usually called the
“miniset”. 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
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1.2

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.

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.

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.

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.

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.

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.

©Koninklijke Philips Electronics N.V. 2001
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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 referred to [1],[2],[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 Section2.2.

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 Section 3.

No. Parameter Program Units Description

Name

0 LEVEL - Must be 1100

1 VEB VFB \V Flat-band voltage for the actual transistor at the actual tem-
perature

2 ko KO V12 Body-effect factor for the actual transistor

3 1/kp KPINV V~1/2 Inverse of body-effect factor of the poly-silicon gate for the
actual transistor

4 0B PHIB V Surface potential at the onset of strong inversion for the ac-
tual transistor at the actual temperature

5 B BET AV~2  Gain factor for the actual transistor at the actual temperature

6 Osr THESR V!  Coefficient of the mobility reduction due to surface rough-
ness scattering for the actual transistor at the actual temper-
ature

7 Bph THEPH V! 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 ORr THER V-1 Coefficient of the series resistance for the actual transistor at
the actual temperature: 6k =2 - 8 - Rg

11 6gre THERL V Numerator of the gate voltage dependent part of series resis-
tance for the actual transistor

12 6ro THER2 V Denominator of the gate voltage dependent part of series re-

sistance for the actual transistor

©K0ninklijke Philips Electronics N.V. 2001 3
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No. Parameter Program Units Description

Name

13 Oy THESAT V!  \elocity saturation parameter due to optical/acoustic
phonon scattering for the actual transistor at the actual tem-
perature

14 Ot THETH V=3  Coefficient of self-heating for the actual transistor at the ac-
tual temperature

15  oyinl SDIBL V~1/2 Drain-induced barrier-lowering parameter for the actual
transistor

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

17 o SSF V~1/2  Static-feedback parameter for the actual transistor

18 « ALP - Factor of the channel length modulation for the actual tran-
sistor

19 Vp VP V Characteristic voltage of the channel length modulation

20 m MEXP - Smoothing factor for the actual transistor

21 ¢t PHIT \% Thermal voltage at the actual temperature

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

23 & A2 \ Exponent of the weak-avalanche current for the actual tran-
sistor

24 a3 A3 - Factor of the drain—source voltage above which weak-
avalanche occurs for the actual transistor

25  loinv IGINV AV~2  Gain factor for intrinsic gate tunnelling current in inversion
for the actual transistor

26  Bin BINV V Probability factor for intrinsic gate tunnelling current in in-
version

27  lsace IGACC AV~2  Gain factor for intrinsic gate tunnelling current in accumu-
lation for the actual transistor

28  Bacc BACC \/ Probability factor for intrinsic gate tunnelling current in ac-
cumulation

29  Vrgoy VFBOV V Flat-band voltage for the Source/Drain overlap extensions

30 Koy KOV V12 Body-effect factor for the Source/Drain overlap extensions

31  Isov IGOV AV~2  Gain factor for Source/Drain overlap gate tunnelling current
for the actual transistor

32 Cox COX F Oxide capacitance for the intrinsic channel for the actual
transistor

33 Cepo CGDO F Oxide capacitance for the gate—drain overlap for the actual
transistor

34 Csso CGSO F Oxide capacitance for the gate—source overlap for the actual
transistor

4 ©Koninklijke Philips Electronics N.V. 2001
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No. Parameter Program Units  Description
Name

3B - 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 Nea 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 tox TOX m Thickness of gate oxide layer

41  Nmult MULT - Number of devices in parallel

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

2.1.2 List of Physical Constants

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

No. Constant Program Units Description

Name

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

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

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

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

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

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

7 XBy CHIBN V Tunnelling barrier height for electrons for Si/SiO2-structure
(3.100000000 - 10*%)

7 XBp CHIBP \Y/ Tunnelling barrier height for holes for Si/SiO2-structure

(4.500000000 - 10+%)

©K0ninklijke Philips Electronics N.V. 2001 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 current bs in the weak-
inversion region (i.e. subthreshold) and in the strong-inversion region (i.e. well above threshold).
These approximate equations are tied together using a mathematical smoothing function, resulting in
neither a physical nor an accurate description of Ips in the moderate inversion region (i.e. around
threshold). With the constant downscaling of supply voltage the moderate inversion region becomes
more and more important, and an accurate description of this region is thus essential.

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

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

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

ko
¢B+V . WS _
T o8P (_ T+ my)- ¢T> [exp <<1+ m,) - ¢T> 1}

where V is the quasi-Fermi potential, which ranges from Vsg at the source side to Vpg at the drain
side. The parameter mg has been added to model the non-ideal subthreshold behaviour of short-
channel transistorst, and v, is the potential drop in the polysilicon gate material due to the poly-
depletion effect. The latter is given by?:

0 for: Vgg < VEB

Up =

2
kp2 K
<\/VGB—VFB—1/fs+% — 7P) for: Vog > Vrg

In Fig. 2.1 (b) the surface potential is shown as a function of gate bias for a typical n-type MOS device.
The surface potential s is implicitly related to the gate bias Vgg and the quasi-Fermi potential V,
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 treated in 2]. In the inversion region (Veg > Vgg) the surface
potential is approximated by vx, =~ given by egs. (2.8)-(2.10) and (2.17)-(2.21), where variable A
is used to describe the influence of majority carriers. In the accumulation region (\ég < Vgg) the
surface potential is approximated by s, given by egs. (2.22)-(2.24). The total surface potential s
is simply given by ;. + Ysacc-
Lparameter mg = 0 for the ideal long-channel case.

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

6 ©Koninklijke Philips Electronics N.V. 2001
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Figure 2.1: (a) The energy band diagram of an n-type MQOS transistor in inversion
(Ve > VrB), Where s is the surface potential, v, is the potential
drop in the gate due to the poly-depletion effect, V is the quasi-Fermi
potential and ¢r is the intrinsic Fermi-potential (¢g = 2 - ¢F).

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

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

above which saturation occurs) corresponds to eq. @.11). For short-channel devices, however, no real

pinch-off occurs and the saturation voltage is affected by velocity saturation and series-resistance. In
this case the saturation voltage Vpsar is calculated using egs. (2.11)-(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 in [7] by introducing an effective drain-source bias \bs, which

changes smoothly from Vps in the linear region to Vpsar in the saturation region, see eg. (2.16).

A surface-potential-based model makes no use of threshold voltage ;. Circuit designers, however,
are used to think in terms of threshold voltage, and as a consequence it would be useful to have a
description of V7 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+(1+kL2)'(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 Section 8.3.

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

Ips = larift + ldiff

©Koninklijke Philips Electronics N.V. 2001 7
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where ideally the drift component lyif; can be approximated by (for Vg > Veg):

s +¥s
2|V — Vg — =52 [V +
lgrife = B - [ ] —ko - M . (1/st _ 1/,30)

1+\/1+k;%-[VGB—VFB—w]

and the diffusion component lgiz can be approximated by (for Veg > Veg):

t
laitt = B+ ¢ - (Qinv,. — Qing) - =
€ox
In the latter equation Qinvy and Qiny, denote the inversion-layer charge density at the source and
drain side, respectively, which are given by egs. 2.40)-(2.42) (where Qi = —€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:

e In threshold-voltage-based models drain-induced barrier lowering and static feedback are tra-
ditionally implemented as a decrease in threshold voltage with drain bias. Here these effects
have been implemented as an increase in effective gate bias A\g given by egs. (2.1)-(2.7). An
effective drain-source voltage Vbs, has been used to preserve non-singular behaviour in the
higher-order derivatives of Ips at Vps = 0 V.

e The effects of mobility reduction and series-resistance on channel current have been described
in [5], and have consequently been implemented using egs. €.33) and (2.37), respectively.

e The effect of velocity saturation has been modelled along the same lines as was done in p] with
the exception of the electrical field distribution. In [6] the influence of the electron velocity
saturation expression

=

o \/1+(M/vsat'En)2

was approximated assuming that the lateral electric field E; in the denominator is constant and
equal to (s, — vs,) /L. Here we assume that E; (in the denominator) increases linearly along
the channel (from O at the source to 2 -(wsL — Wso) /L at the drain), and obtain a more accurate
expression for velocity saturation, which has been implemented using eq. @.35).

e The effect of channel length modulation and self-heating on channel current have been de-
scribed in [6], and have consequently been implemented using egs. £.36) and (2.38), respec-
tively.

All the above effects can be incorporated into the channel current expression using eq. 2.39) and
eq. (2.45).

8 ©Koninklijke Philips Electronics N.V. 2001
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Figure 2.2: (a) The different gate current components in a MOS transistor. One
can distinguish the intrinsic components, i.e. the gate-to-channel cur-
rent Igc (= lgs + lgp) and the gate-to-bulk current Igg, and the ex-
trinsic, i.e. the gate/source and gate/drain overlap components k.
(b) Measured and modelled gate current as a function of gate bias \gs
at Vps = Vsg = 0V, the different gate current components are also
shown. NMOS-transistor, W/L = 10/0.6um and tox = 2nm.

Weak-Avalanche Current: At high drain bias, owing to the weak-avalanche effect (or impact ion-
ization), a current Iy will flow between drain and bulk®. The description of the weak-avalanche
current has been taken from MOS Model 9 [3], and is given by eq. (2.46). 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, lep and Igg) due to the intrinsic MOS channel, and two components (IGO\,0 and lgoy, ) due to
gate/source and gate/drain overlap region, see Fig.2.2 (a).

For an n-type MOS transistor operating in inversion, the intrinsic gate current density & consists of
electrons tunnelling from the inversion layer to the gate, the so-called conductance band tunnelling,
which in general can be written as [8] (for Vg > Vrg):

Je ¢ —Vox - Qinv * Pun {Vox; x8; B}

where Vo is the oxide voltage given by Vox = Veg — Vrs — ¥p — ¥s. The carrier tunnelling probability
Puwn is a function of the oxide voltage Vo, the oxide energy barrier xg as observed by the inversion-
layer carriers, and a parameter B. This probability is given by eq. .47), where both direct-tunnelling
for Vox < xs and Fowler-Nordheim tunnelling for V,x > xg have been taken into account.

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

3In reality part of the generated avalanche current will also flow from drain to source [1], this has been neglected.

©Koninklijke Philips Electronics N.V. 2001 9
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energy subband which lies A xg above the conduction band. Assuming that only the lowest energy
subband is occupied by electrons, the value of A g can be given by eq. (2.64) [9]. As a result the
oxide barrier xg, . has to be lowered by an amount of A xg, see eq. (2.65).

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

L
IGC=W‘/ J(;-dX
0

where X is the coordinate along the channel. Using a first-order perturbation approximation, i.e. as-
suming the gate current is small enough so that it does not change the distribution of surface potential
along the channel, Igc can be calculated by egs. (2.64)-(2.74). In the same way the partitioning of
Igc into Igs and Igp can be calculated using:

IGS=W./OL(1—%>-JG-dx

L x
IGD:W‘/ — - Jg - dx
o L

which results in expressions for Igs and Igp as given by egs. (2.75)-(2.77). The gate-to-channel cur-
rent Igc can be seen in Fig. 2.2 (b) as a function of gate bias for a typical n-MOS transistor at \bs = 0
(|e lgs = lgp = 1/2 . IGC)-

For an n-type MOS transistor operating in accumulation, an accumulation layer of holes is formed in
the p-type substrate and an accumulation layer of electrons is formed in the n*-type polysilicon gate.
Since the oxide energy barrier for electrons xg is considerably lower than that for holes xg, the
gate current will mainly consist of electrons tunnelling from the gate to the bulk silicon, where they
are swept to the bulk terminal. In this case the (intrinsic) gate current density & can be written as [8]
(fOf Ve < VFB)Z

Je ¢ —Vox - Qacc - Pwn {—Vox: x8: B}

where Q¢ is the accumulation charge density in the gate given by ex /tox - Vox. In order to limit
calculation time the quantum-mechanical oxide barrier lowering in this case is neglected, and the re-
sulting expression for Igg is given by egs. (2.62)-(2.63). The gate-to-bulk current Igg can be seen in
Fig. 2.2 (b) as a function of gate bias for a typical n-MQOS transistor at \bs = 0.

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

10 ©Koninklijke Philips Electronics N.V. 2001
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assuming that only accumulation and depletion occur in the n-source region®, a surface potential
Ysoy Can be calculated using:

- B _ 2
(VGS VEBov vfpov 1//Sov> = —VYsoy + &7 [exp (%) - 1j|

I(OV T

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

0 for: Vgs < Vrgov

Vpoy = = 2
(\/VGS — VeBov — Wsoy + 5 — 7P> for: Vgs > Vrgov

Again the surface potential vy, can be explicitly approximated, this is done by using egs. @.48)-
(2.54).

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

|Gov o —Vov - Qov - Pun {Vovi xB: B}

where Vqy is the oxide voltage for the gate/source-overlap (= Vs — Vreov — ¥po, — ¥sov) diven
by egs. (2.55)-(2.57), and Qy is the total charge density in the nt-source region (= —eox/tox -
Vov). For Vgs < Vegoy the situation is reversed, a positively charged depletion layer is formed in
the overlapped n*-source extension and a negatively charged accumulation layer is formed in the
overlapping gate. In this case the overlap gate current will mostly consist of electrons tunnelling from
the gate accumulation layer to the source, it is given by:

|Gov o Vov - Qov * Pun {—Vov; xB; B}

The overlap gate current components can now be given by egs. £.58)-(2.61). In Fig. 2.2 (b) the gate
overlap current lg,, is shown as a function of gate bias for a typical n-MOS transistor at \bs = 0

(Ie IGOVL = IGOVo)'

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

2.1.4 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.

61t is assumed here that the gate current is only determined by conductance band tunnelling. For high values of gate bias
(i.e. g - 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.

©Koninklijke Philips Electronics N.V. 2001 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 barrier xg that has to be used (XBN for electrons, XBp 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
e} les / lep les / lep

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

L
Qe =W- /0 (Qtot — Qinv) - dX

where Qq is the total charge density in the silicon bulk (Qut = —€ox/tox * Vox)- The total inversion-
layer charge Qjny is split up in a source Qs and a drain Qp charge, they can be calculated using the
Ward-Dutton charge partitioning scheme [10]:

Q3=W'/OL(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 by egs. €.81)-(2.89). In these equa-
tions Coxesr is the effective oxide capacitance, which is smaller than the ideal oxide capacitance Gy
due to quantum-mechanical effects: Quantum-mechanically, the inversion/accumulation charge con-
centration is not maximum at the Si-SiO,-interface (as it would be in the classical case), but reaches a
maximum at a distance Az from the interface [9]. This quantum-mechanical effect can be taken into
account by an effective oxide thickness tx + €ox / €si - Az, where Az is dependent on the effective
electric field Eefr [9], [11] (Eett = —eox /€si - Veft /tox). The effective oxide thickness results in an
effective oxide capacitance Cox.., See eq. (2.80).

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 in [12].

12 ©Koninklijke Philips Electronics N.V. 2001
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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 treated as an n'-
gate/oxide/n* -bulk MOS capacitance along the same lines as was done for the overlap gate current,
see Section 2.1.3. The charge in the overlap regions can simply be given by egs. .78)-(2.79). The
quantum-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 observed: 1/fnoise, thermal noise
and induced gate noise. The gate tunnel current and the bulk avalanche current will also exhibit noisy
behaviour (due to shot noise), however this has been neglected in MOS Model 11.

1/f-Noise: At low frequencies flicker (or 1/f) noise becomes dominant in 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 model for 1/
noise which combines both of the above physical origins [L3], [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 9 [15], and has been used to calculate the 1/f-noise for MOS
Model 11. The calculations have been performed in such a way that the resulting expression for
spectral density is valid for all operation regions (i.e. both in subthreshold and above threshold), it is
given by egs. (2.94)-(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? > = / Sin (F) df
0

is given by a generalized Nyquist relation:

L
N
Sno= 73| g00dx
L Jo
where Nt isequal to 4 - kg - Tand g (x) is the local specific channel conductance:

gx¥) = —u(x) - W - Qiny(X)

Here the mobility 1 (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 potential (x), we obtain
the spectral density given by egs. (2.91)-(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 effects [L7].

©K0ninklijke Philips Electronics N.V. 2001 13
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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:

1

R =
' 3 Om

It can be easily shown that the latter resistance produces an input noise current with a spectral density
given by eq. (2.98). In addition, since Ak, and Alig have the same physical source, both spectral
densities are correlated. This is expressed by egs. 2.99) and (2.100).

The induced gate noise Sig is a so-called non-quasi static (NQS) effect. Since the use of the channel
current noise description in an NQS segmentation model [12] would automatically result in a correct
description of induced gate noise, Sq can be made equal to zero by using parameter GATENOISE,
see eq. (2.98).
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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 by F {variable, ...}, where F denotes the function name and
the function variables are enclosed by braces {}.

2.2.1 Internal Parameters

Pp = 1+(k0/kp)2

Viimit =5 - ¢1

QRef‘f - EQR . (1 + 1/2 +9R2)
s 1

Acc = = -
Ve lvggoveg 1+ Ko /v2¢1

Ny = (2.6)*/ko

ACC _ 8’(ﬁsov _ 1
oV — —
OVGE vog=vegey 1T Kov /261
2/3
QMN . (EOX /tox) fOI‘ NMOS
QM =
QM - (eox /tox)*> for PMOS

2
QMiox =z - QM

XBy for NMOS

ABiny =
XBp for PMOS

XBacc — XBN

2.2.2 Basic Current Equations
Drain induced barrier lowering and Static Feedback:

0 for: Vgs+Vsg — Vg <0
VeByss = (2.1)
Vs + Vsg — Veg  for: Vgs + Vsg — Veg > 0

2

\/PD - Ve + Ko?/4 — ko/2
Po

1//sat0 = (2.2)
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Ddibl = odibl - v/ VsB + ¢B

0 for: Ysat; — Vsg —¢g <0
Dsf =

ost * /Vsatyg — Vs — B forr Yrsary — Vg —¢pg > 0

Dgibi  for:  Dst < Dyipi
D=

Dst  for: Dt > Dyipi

Vps*

VDSeff =

(Viimit® + VD82)3/2
AVg = D - Vps
Redefinition of Vg, equation (2.1):
0 for: Vgs+ Vsg +AVg — Vg <0

VeBy =
Vos + Vsg + AVg — Vg for: Vgs + Vsg + AVg — Veg > 0

Acc - V,
Aace = @71 [eXp (‘%) - 1]

2

\/PD - (Ve + Aacc) + ko®/4 — ko/2

Vsaty = —A
saty Po acc
Drain Saturation Voltage:
0 for: Ysat; — Vs — 8 <0
VDsAT|gng =
Vsay — Vs — ¢ for: Yrsayy — Vsg — ¢ > 0
Bsat for NMOS
Toat = Bat for PMOS
/4

Tsat - GReﬁ

A =

SAT > >

Veonr 2 + Tsat + QReff
DSATIong

N _v 1 9 AsaT
PATaan = Y0 Aong \ 1796 T pow?

Unclassified Report

2.3)

(2.4)

(2.5)

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)
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Viimit for: Vpsarg < Viimit
Vbsar = (2.15)
VosaTgorr  TOI VDsATgor > Viimit
Vbs - Vpsar
Vbsy = - Py (2.16)
[Vos™ + Vpsar™"]
Surface Potential:
Vsaty forr ysay < ¥
fi{yl = (2.17)
W for Wsatl > W
Vsat; — fu{y}
() = fily) + E : (218)
¢satl—f1{1//}
\/ P e
2 [Vepyy — folvr)
f3 {y) = [ = ] (2.19)
L+ /1+4/ke?  [Vosyg — falV)]
2
[f%//}] — fi{Y} — Agee + o1
Usiy (W} = fi{y} + ¢ - [L+mo] - In e (2.20)
Ve = Vs, (VsB + ¢8}
(2.21)
Ye = Ys,, {Vosx + VsB + ¢8]
Surface Potential in Accumulation:
Acc - (Vgs + Vsg + AVg — V) for: Vgs + Vsg + AVg — Ve < 0
f1 = (2.22)
0 for: Vgs+ Vsg +AVg — Vg >0
f
f, = ! (2.23)
f1
1+ N¢T'¢T2
f1/Acc—fy 2
EIE= P
Vsace = —¢1 - In (2.24)
g3
©K0ninklijke Philips Electronics N.V. 2001 17
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Auxiliary Variables:
AV =5 — Vg, (2.25)

- Vs, + Vs,

inv = 2

2|V — U
VGT {v/smv} — [ GBgff 1//S|nv] _ kO . /v/smv + Aacc (227)

1+ \/1 + 4/k|:>2 : [VGBeff - wsinv]

(2.26)

Ve = Vor {Win} (2.28)
2 - [Ves + Vsg + AV — Vg — Yiny —
Vo — [Ves + Vsg G — VrB l/fliw Vace ] (2.29)
L+ /1+4/k% - [Vosyg — Yin]
2
IVox = _ (2.30)
L+ 1+ 4/ke? - [Vopyg — Winy]
Vet = \7G-|- + mob - (Vox — VGT) (2.31)
AV, 1 k
E=gr —T =¢r- 4 (2.32)
IVinv 1+ \/1 + 4/kp? - [VGBeff - Winv] 2y Vinv + Aacc
Second-Order Effects
Mobility Degradation:
v 1/v
1+ [ (B - Vo) + 6 Ver™ | for NMOS
Grmob = % - (2.33)
v 1/v
(2 (6on - Ver)"* + 6 - Ver” | for PMOS
Velocity Saturation:
205t 8y for NMOS
~/Cmob
X = (2.34)
2-0sat . Ay
/Gmob (1+95at2'AW2)1/4 for PMOS
In(x ++/1+ x2
G
Gysat = %Ob | VI+x2+ ( ” ) (2.35)
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Channel Length Modulation:

AL Vbs — Vbsx +\/(VDS - Vsz)2 + Vp?
GAL=1—T=1—a-|n v;
P

Series Resistance + Self-Heating:

ORr1 5
GrR=fr- 14+ —] Vg
( 9R2+VGT> T

Gth =61h - Vps - AYr - \7G-|-

[GaL - Gysat + GR].
2

4.Gr/G
. |:1 + \/1 — R/Cveat (Gvsat2 - Gmobz):|

[GaL - Gysat + GR]2

Giot = Gh +

Inversion-Layer Charge (Qiny = —€ox /tox * Viny):

Vsiy — ¥
ko . ¢T . exp Inv .
Vinv {'S/fsinvv 1//} |: o ¢T]

N Vsiy Y
\/lffsim, + Aacc + ¢1 - EXP [[ﬁl?.r] + /Vsip, T Aace

Vivo = Vinv { V5. VsB + ¢8}

Vi, = Vinv {5, . Vosx + Vss + ¢}
Drain Current

larite = B - Vor - AY

laift = B - &1 - (Vinve — Viow)

| Larift + ldiff
DS = — <
Got

Weak-Avalanche:

0 for: Vps < as - Vpsar
Iavl =

a2 .
ai - IDS . eXp (—m) fOI‘ VDS > a.3 . VDSAT

©K0ninklijke Philips Electronics N.V. 2001

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)
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Gate Current Equations:

The tunnelling probability is given by:

Source/Drain Gate Overlap Current:

[1--vox/18)?
exp| —B- e for: Vox < xB
Puwn {Vox; xB: B} =

exp (— B/ Vox) for: Vox = xs

Drain overlap:

20

Vex — Vreov  for: Vox — Vegoy < 0
Vexgg {Vox} =

0 for: Vgx — Vegoy > 0
I AcCov - Vex 4 {Vox!
Aov {Vex} = ¢1 - | exp [ X eft ] - 1]
L o1
- 2
kOV2 kOV
Vsatov {Vex} = — = Vexgs {Voxt + Aov {Vex} — - | A {Vex}
0 for: Vgx — VeBoy <0
f1 {Vox} =
AcCoy - [Vox — VrBov] for: Vex — Vrgov > 0
f1 {V
f2 {(Vox} = 1 (Vox}

14 [f1{vex}T*
NtPT '¢T2

2. [M - f {VGX}]

Accov

f3 {Vox} =
1+ \/ 1+ 4/ke? - [—flicvcivx} ~ f2 (Vx| ]

2
[fs{kV_GX}] + f2{Vex} + ér

oV
ot

Ve, (Vox} = ¢1 - In

2 [Vex — Vesov — ¥, {Vex) — ¥satoy {Vox}]

Vov {Vex} =
L+ /1+4/ke? - [ f1{Vox} / Accoy — ¥, (Vox)]

Vovo = Vov {VGS}

Vov._ = Vov {VGS - VDS}

(2.47)

First calculate the oxide voltage Vpy, at both Source and

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)
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Next calculate the gate tunnelling current in both Source and Drain overlap:
Pov {Vov} = Pun {Vov: xg,,: Binv}
lcov {Vex: Vov} = lcov - Vex - Vov - [Pov {Vov} — Pov {—Vov}]
love = leov {Vas » Vovo}
lgov. = lcov {Ves — Vs, Vou |

Intrinsic Gate Current: The gate tunnelling current in accumulation:
Pacc = Puun {—Vox§ XBacc» Bacc}

—leacc - (Ves + VsB) - Vox - Pace  for: Vox <0
lee =
0 for: Vox >0

The tunnelling current in inversion, including quantum-mechanical barrier lowering A )g:

Axs = QMy - (VGT/s + Vox — VGT)Z/S
XBeff = XBjpy — Axs
Beff = Binv (XBeff /XBinv)3/2

Pinv = Ptun {VOX; XBetf> Beff}

3
Bir 5 XBeff_Z - Beff - 9Vox

inv — 3
fr= L
o7 Ve,
0 Vox
oV = ——
[0):¢ VOX
b — 1y [Bin/ T4 By 6 +2 Bl VG 2.8 440V €] Ay
GC —

24
_ 1
lec = leinv - GaL - | Vs — EVDSX - Pinv

Vinvo + Vinv|_

\7inv = 2

©K0ninklijke Philips Electronics N.V. 2001

(2.58)
(2.59)
(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)

(2.72)

(2.73)
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The total intrinsic gate current Igc:

lec = lac - Vinv - Pac

A
Pes = [BiT’lV + 8V(Tx] ) —w + |:Bit1v2 ) (Bitw +5-&"+3- BV(;’;()

12
%2 * * * * * * A¢3
+2- S : (Binv - S + 8Vox) +10- Binv : : 8Vox] :
480
1 - Vive — Vi -
IGS = 5 . IGC + (Pgs : Vinv + %) : IGC + |Govo

lep = lec — les + leovy + lcov
2.2.3 Basic Charge Equations
Bias-Dependent Overlap Capacitance:
Qovo = CGSO . Vovo

Qov._ = CGDO . Vov|_

Intrinsic Charges:

COX

~1/3
14+ QMy, - [Ve_ff]

COXef-f =

Tmob
Vet, = Vor {w;}
Ver, = Vor {Vs, }

s« Ve, + Ver,

& 5 +é&
Vor, — V.
AVe, = GTo GJL
2. (1 + bR - %)
AV
=1
V&,

Unclassified Report

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

(2.85)

(2.86)
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Coxe e AVG F'2
Qo =- 2“-[VGT+TT-<F,-+%—1>—5}
QB = —Coxy - |:Vox - \751. +5]
Qe = —[Qs + Qp + Q&

2.2.4 Basic Noise Equations

In these equations frepresents the operation frequency of the transistor.

dIps
Osat® for NMOS
Tat = Osat?
Sa
Ay? v Vinv, tViny
R ,B’Gvsat2 v +v_§'(VGT_ 02 L)
ideal = —=~—— - -
ideal Gtot Gt VGT + E
N
St = T 5+ (Rideat — Tsat - lps - AY)
mob
€
NO = q;):x : Vinvo
€
NL = qfoxx ‘Vinv|_
€ox
N = :
0 tox :
q- @17 tox - B lps 2 No + N*
= | (Nea — N* - N, N““ - Nec) - In ———
St e G N' ( FA FB + FC) N+ N

N
+ (Neg = N~ Nec) - (No = No) + === - (No? NLZ)}

é1 - Ips?
f

n NFA+NFB‘NL+NFC’NL2j|

-1-G .

( AL) |: (NL + N*)?
%.NT.<2-n~f-Cox)2/gm

Sy = 1+0.075-(2‘n‘f'Cox/gm)

> for: GATENOISE =0

0 for: GATENOISE =1
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(2.87)

(2.88)

(2.89)

(2.90)

(2.91)

(2.92)

(2.93)

(2.94)

(2.95)

(2.96)

(2.97)

(2.98)
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0.4j (2.99)

Pigth

Sigh = Pigth * y/ Sig * Sth (2.100)
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3 Nomenclature

3.1 General Remarks

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

All parameters which refer to the reference transistor and/or the reference temperature have a symbol
with the subscript R and a programming name ending with R. All characters 0 (zero) in subscripts of
parameters are represented by the capital letter O in the programming name, because often they are
distinguishable with great difficulty! Scaling parameters are indicated by S with a subscript where
the variables on which the parameter depends, precede a semicolon whereas the parameter succeeds
it, €.9. St.¢g,-

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

No.

A W N -

3.3 List of Electrical Quantities and Variables

Symbol

Program Units

Name

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 in fig.3.1.

26

iS D
= ’e)
e
SD
i G
< o
e
SG
i< S
< 0
e
SS
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< 0

o
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=1+ 9%
lg=lg+%
lgzlg+dd—otg
lg=lg+dd—otg

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

Name
VS VDE
2 & VGE
3 VSE
4 VB VBE
5 I8 IDE
6 IS IGE
7 ISE
8 I§ IBE
9 Q@  QDE
10 Q& QGE
11 Q¢ QSE
12 o OBE
13 S§ SDE
14 s§ SGE
15 S§ SSE
16 S5,  SDGE
17 S&  SGSE
18 S§,  SSDE

O 0O 0 0 > > P> P> <L LKL

29
AZs

>

AZs
Als

AZs

MOS Model 11 , Level 1100 April 2001 — NL-UR 2001/813

Description

Potential applied to the drain node

Potential applied to the gate node

Potential applied to the source node

Potential applied to the bulk node

DC current into the drain

DC current into the gate

DC current into the source

DC current into the bulk

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

Cross spectral density between the drain and the gate noise
currents

Cross spectral density between the gate and the source noise
currents

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

No. Variable Program Units Description

Name

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

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

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

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

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

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

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

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

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

10 Qg QG C Intrinsic charge in the equivalent n~-MOST attributed to the
gate node

11 Qs QS C Intrinsic charge in the equivalent n~-MOST attributed to the
source node

12 Qs QB C Intrinsic charge in the equivalent n~-MOST attributed to the
bulk node

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

14 Qov QOVL C Extrinsic charge in the equivalent n-MOST attributed to the
gate-drain overlap

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

16 Sy SFL A%s Spectral density of the flicker—noise current of the channel

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

18  Sigm SIGTH A%s Cross spectral density of the noise current induced in the
gate and the thermal-noise current of the channel
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3.4 List of Reference & Scaling Parameters

No. Symbol Program Units Description

Name
0 LEVEL - Must be 1100
1 Ler LER m Effective channel length of the reference transistor
2 WEer WER m Effective channel width of the reference transistor
3 AlLps LVAR m Difference between the actual and the programmed poly-

silicon gate length

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

5 AWop WVAR m Difference between the actual and the programmed field—
oxide opening

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

7 Tr TR °C Temperature at which the parameters for the reference tran-
sistor have been determined

8 VEBR VFBR V Flat-band voltage for the reference transistor at the reference
temperature

9 Stvgg  STVFB VK~! Coefficient of the temperature dependence of Vg

10 kor KOR V12 Body-effect factor for the reference transistor

11 S, SLKO V12m  Coefficient of the length dependence of k,

12 Sk, SL2KO  VY2m? Second coefficient of the length dependence of kg
13 Swk, SWKO V12m  Coefficient of the width dependence of k,

14 1/kp KPINV V=12 Inverse of body-effect factor of the poly-silicon gate

15 ¢gr PHIBR \Y Surface potential at the onset of strong inversion at the refer-
ence temperature

16 Spgg SLPHIB Vm Coefficient of the length dependence of ¢g
17 Si24g SL2PHIB vm?  Second coefficient of the length dependence of ¢g
18 Swygg SWPHIB Vm Coefficient of the width dependence of ¢g

19 By BETSQ AV~2 Gain factor for an infinite square transistor at the reference
temperature

20 g ETABET - Exponent of the temperature dependence of the gain factor

21 fg1 FBET1 - Relative mobility decrease due to first lateral profile

22 Lps LP1 m Characteristic length of first lateral profile

23 fg2 FBET2 - Relative mobility decrease due to second lateral profile

24 Lpo LP2 m Characteristic length of second lateral profile
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25

26
27

28

29
30

31
32
33

34
35

36
37
38

39

40

41
42
43
44
45

46
47
48

49

30

Symbol

GsrR

SW; Osr

Qth

Mph

SW; th

’mobR

ST? Tmob
SW? Imob

VR

VEXP

OrR

R
SW; R

ORr1
ORr2

GsatR

SL:gat
OsatExp
Nsat

SW:bsat

Othr

OThEXP
Swiery

adiblo

OdiblEXP

Program Units
Name
THESRR V!

SWTHESR m
THEPHR V-1

ETAPH

SWTHEPH m
ETAMOBR

STETAMOB K1
SWETAMOBmM
NUR -

NUEXP -
THERR Vo

ETAR -

SWTHER m
THER1 \%
THER?2 \%

THESATR V-1

SLTHESAT -
THESATEXP -
ETASAT -
SWTHESAT m
THETHR Vv~

THETHEXP -
SWTHETH m
SDIBLO V12

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 of 6

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

Exponent of the temperature dependence of 6y, for the refer-
ence transistor
Coefficient of the width dependence of 6

Effective field parameter for dependence on deple-
tion/inversion charge for the reference transistor
Coefficient of the temperature dependence of 7o

Coefficient of the width dependence of nmgp

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

Exponent of the temperature dependence of parameter v

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

Exponent of the temperature dependence of 6k
Coefficient of the width dependence of 63

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

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

Coefficient of the length dependence of 6.y

Exponent of the length dependence of G
Exponent of the temperature dependence of 64
Coefficient of the width dependence of 6

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

Exponent of the length dependence of 6,
Coefficient of the width dependence of 6y,

Drain-induced barrier-lowering parameter for the reference
transistor
Exponent of the length dependence of oy
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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

Mor

MoExP
OsfR
SL? Osf
SW? Osf

R

SL;O(
QEXP

SW; o
Ve

I—min
aR

St.a
SL; a
SW; a,

aRr

SL; a,
SW; a,

a3zr

SL; as
SW; as

Icinvr
Binv
lcaccr

Bacc

VEBov
Kov

Program
Name
MOR

MOEXP
SSFR
SLSSF
SWSSF
ALPR

SLALP
ALPEXP
SWALP
VP
LMIN

AlR

STAl

SLA1

SWA1L
AZR

SLA2
SWA2
A3R

SLA3
SWA3
IGINVR

BINV
IGACCR
BACC

VFBOV
KOV

MOS Model 11, Level 1100

Units

3 < 3 '

Vm
Vm

AV2

AV 2

V1/2

April 2001 — NL-UR 2001/813

Description

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

Static feedback parameter for the reference transistor
Coefficient of the length dependence of osf
Coefficient of the width dependence of o

Factor of the channel length modulation for the reference
transistor
Coefficient of the length dependence of «

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

Minimum effective channel length in technology, used for
calculation of smoothing factor m
Factor of the weak—avalanche current for the reference tran-
sistor at the reference temperature

Coefficient of the temperature dependence of &

Coefficient of the length dependence of &

Coefficient of the width dependence of &

Exponent of the weak-avalanche current for the reference

transistor
Coefficient of the length dependence of &

Coefficient of the width dependence of &

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

Coefficient of the length dependence of &
Coefficient of the width dependence of &

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  Ilsovr IGOVR AV~  Gain factor for Source/Drain overlap gate tunnelling current
for the reference transistor

78  tox TOX m Thickness of the gate oxide layer

79 Cq COL Fm~!  Gate overlap capacitance per unit channel width

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

81 N 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 \Vans 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 respect to Ta

88 NmuLt MULT - Number of devices in parallel

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

32 ©Koninklijke Philips Electronics N.V. 2001



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

4 Embedding

4.1 Embedding MOS Model 11 in a Circuit Simulator

In CMOS technologies both n— and p—channel MOS transistors are supported. It is convenient to
use one model for both type of transistors instead of two separate models. This is accomplished by
mapping a p—channel device with its bias conditions and parameter set onto an equivalent n—channel
device with appropriately changed bias conditions (i.e. currents, voltages and charges) and parame-
ters. In this way both type of transistors can be treated as an n—channel transistor. Nevertheless, the
electrical behaviour of electrons and holes is not exactly the same (e.g. the mobility and tunnelling
behaviour), and consequently slightly different equations have to be used in case of n— or p-type
transistors, see Section 2.2.

As said earlier, any circuit simulator internally identifies the terminals of a MOS transistor by a
number. However, designers are used to the standard terminology of source, drain, gate and bulk.
Therefore, in the context of a circuit simulator it is traditionally possible to address, say, the drain
of MOST number 17, even if in reality the corresponding source is at a higher potential (n—channel
case). More strongly, most circuit simulators provide for model evaluation a so—called \bs, Vgs, and
Vsg based on an a priori assignment of source, drain and bulk that is independent of the actual bias
conditions. Since MOS Model 11 assumes saturation occurs at the drain side of the MOSFET, the
basic model cannot cope with bias conditions that correspond to \bs < 0. Again a transformation of
the bias conditions is necessary. In this case, the transformation corresponds to internally reassigning
source and drain, applying the standard electrical model, and then reassigning the currents and charges
to the original terminals. In MOS Model 11 care has been taken to preserve symmetry with respect
to drain and source at Vps = 0. In other words no non-singularities will occur in the higher-order
derivatives at Vps = 0.

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

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

Step 2 Based on n—or p—channel devices, calculate the modified voltages \/|;S, V(;S and VS'B. From
here onwards only n—channel behaviour needs to be considered.

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

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

Step 5 Correct the internal output quantities for a possible source—drain interchange. In fact, this
directly establishes the external noise—power spectral densities.

Step 6 Correct for a possible p—channel transformation.

Step 7 Change from branch current to nodal currents, establishing the external current output quan-
tities. Calculate the overlap charges that are related to the physical regions and add them to the
nodal charges, thus forming the external charge output quantities.
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yes bs =0 no
Vbs = VDS Vbs = _VDS
Vs = VGS Ves = VGS - VDS
Vsg = Vgp Vsg = Vgg + Vs
Y

;DS :_I'IDS (\(/\D/S ’Vs/sv V\8/B) ) Qb = Op (Vbs, Vs, VsB) Sth = Sth (Vbs, Vs, Vse)
,AVL__,AVIEV Vv, S)B Qs = Qs (Vbs,VGs, Vse) S = S (Vps, Ves, Vss)
Gs T B8PSy S, 5B Qg = O (Vbs,VGs, Vsg) Sig = Sig (Vbs, Vs, VsB)

Iep = lep (Vps, Vs, Vsp) _ C e
les = log (Vbs. Vos, Ves) Qc = —(Qp + Qs + Op) Sigth = Sigth (Vs , VGs, VsB)
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yes no

Ios = Ibs Q= Ios = —lps Qp = Qs

Ko=lw Qc=0Qc Ipg =0 Qs = Qs

log =0 Qé, = Qs log = lavt Qé, = Qp

los =los Qs =08 los=loo Q=08

o =loo  Qovp = Qovg o =los Qo= Qo

lgs =los  Qou, = Qo lgs =los Qo = Qoy

Sp = St + Si Sp = Sth+ S + Sig + 2Re { Sign}

Se = Sg Se = Sg

Se = Sth + St + Sg + 2Re { Sigin Se = St + S

SI;G = Si;th SIZ’)G = —Sig — Si:;th

Ses = —Sig — St Ses = Sign

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

| |
n—channel Channel p—channel
type
e = s QD = QE} Sy =5, Ihs = —lpg QD = —QE} Sy =5,
s = lpg Qs = Qg Se = Se Is=—ls Q= Se = Se
log = log Qs = Qs Se = Sa lgg=—log Qs =—0s Se = Sa
los = ls s =0Cs So6 = Soe los = —lgs Og=—0s So6 = Soe
lep = loo Qovy = Qovy  Sgs = Sas lop=—leo Qoo ="Qoy  Scs=Scs
GB — I(;B Qc’;vL — Qc:vL |S;D = S;D ISB — _’;35 | Q(;’vL = _Qc;vL S;D = S;D
é
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B
. S6="5o
18 = s+ o — log Q5 = Qo — Qoy, e = 5.
1€ = Ing + lop + lg Q% = Qg + Qoyy + Qoy, €= 5o
I§ = _’|:3:s + I%B - ’(:315 Qs = Q; - Qc,,’vo Sge = SI:Z;G
I§ = ~Ipg — lsg — las Q€ =0, Sas = Scs
SgD = Ssp

Y

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

Figure 4.1: Transformation scheme

It is customary to have separate user models in the circuit simulators for n —and p — channel transis-
tors. In that manner it is easy to use a different set of reference and scaling parameters for the two
channel types. As a consequence, the changes in the parameter values necessary for a p — channel
type transistor are normally already included in the parameter sets on file. The changes should not be
included in the simulator.
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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 0!

L+ ALPS
gate
R N - CI‘OSS SeCtlon
source | /I \I 1 drain
1 |
| 1
ALoveriap : Le : ALoveriap
> >t
1 |
1 1 Y
_r_ . - - — _— _ _ _ _‘:AWnarrow
W+ AWop source drain We Top view
S I 4
Y “AWnarrow

Figure 5.1: Specification of the dimensions of a MOS transistor

5.2 Calculation of Transistor Temperature
Tk = To+Tr (5.3)
Tko = To+Ta+ATa (5.4)
5.3 Calculation of Geometry-Dependent Parameters
Calculation of Threshold-Voltage Parameters

Ves = Vegr (5.5)

1 1 1 1
ko = kor- [1 + (L—E - I——ER) + Stk + (L_é - LTER) : SLZ;ko] :
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1+ ! ! S (5.6)
We  Wer Wiko '
~ 1 1 1 1
Ve ver [ (LE LER) LB (LE ’—%R) LMB}
1 1
1 —  _— — _).Sw. 5.7
1+ (e ~ s ) - Swoe) 57)
Calculation of Mobility/Series-Resistance Parameters
L _ LE L -~ LE
Gpg = 1+f51-ﬂ- 1—6—Q —i—fﬁg-ﬁ 1—6-@ (5.8)
' T Le T Le
L *%ﬂ L *%ﬂ
Gpr = 14+ fﬁl.ﬂ. 1—¢ FP1 ] 4 fﬂ’z.ﬁ 1_¢ P2 (5.9)
' T Ler Ler
5 Bsq WE
g = . E 5.10
Gpe Le (.10)
. 1 1
O = Osr- |1+ We  Wem ) Sw; oy (5.11)
O = 0 1+ ! ! S (5.12)
ph = phR We Wer W;eph .
. 1 1
Mmob = MmobR - |1+ We  Wen SW:nmob (5.13)
~ 1 1 Ler Gpr
b = 6 1 — — — | . Sw. — 5.14
R RR |: + <WE WER) w‘eR] Le  Gpe (5.14)
. 1 1 Leg | /satEXP
Ot = OeatR |:1 + <WE - W—ER) SW;Osat:| ’ |:1 + SL;(’sat {(L—E) —1¢ |(5.15)

Calculation of Conductance Parameters

B 1 1 Ler OThEXP
— Gre -1 — _ _—_).sw. .| ZER
O7h ThR [ + (WE WER) Wv9Thi| |:LE]
1 1 1 1
— 11 = ) Swee |1 = =
Osf OsfR |: + (WE WER) W sf] |: + (I—E Len
1 1 Ler
= ar- |14 (————) Swu | |14+50,-{[=ER
* R [ +(WE WER) W’] [ i {<|—E

(5.16)

(5.17)

o]
-

(5.18)
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Calculation of Sub-Threshold Parameters

~ ks - Tkr
¢t =
q

L gg \ CdibIEXP
odinl = ogiblo - | T

L er \ MOEXP
Mo — mOR.(E)

Le

Calculation of Smoothing Parameters

Lmax = 10-107°

8- (I—max - I—min)

Lmax—4‘|—min+3'l_ma)|f7;min

m =

(m is rounded off to the nearest integer)

Calculation of Weak-Avalanche Parameters

a3 = aRr-+ ! ! SiL.a + 1 ! S
1 = 1R Le Ler L;a; We Wer W;ay
1 1 1 1
& — a - __~).5. = ).Sm
? R <LE LER) L <WE WER) W

1 1 1 1
a = axr-+ I—_E_I—_ER - Sliay + _E_W_ER - Swiag

Calculation of Gate Current Parameters

We - Lg

I _ _EetE

GINV Wen Lon | (GINVR

I - Ml

GACC Wen Log | [GACCR
We

lcov = W—ER’IGOVR

Calculation of Charge Parameters

WE - L

fox

Cepo = WE-Cy

Cox = €ox-

Ceso = We-Cqg
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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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Calculation of Noise Parameters

Nt = Nrr
Nea = % - Near
Neg = % - Nrgr
Nrec = % - Nrcr

MOS Model 11, Level 1100 Unclassified Report

(5.33)

(5.34)

(5.35)

(5.36)

5.4 Calculation of Temperature-Dependent Parameters

Calculation of Threshold-Voltage Parameters

Ves = Ve + (Tko — Tkr) - Stiveg (5.37)
¢sr —1.13 —2.5.107*. Tkr
Sr. = 5.38
T:%8 300 (5.38)
¢s = g+ (Tko — Tkr)  Stigg (5.39)
Calculation of Mobility/Series-Resistance Parameters
- (TR
B = B- (T—) (5.40)
KD
5 (Tkr )"/
O (TKD) for NMOS
er = (541)
~ h ng
Oy (TKD) for PMOS
. T 31ph—31p
Oh = OphR - (%) (5.42)
KR
Mmob = Tmob * [1 + (Tkp — Tkr) - ST:nmob] (5.43)
v = 1+ VR - (TKR/ TKD)vexp (544)
N T R
bR = Or- <ﬂ> (5.45)
Tkp
N T Nsat
Osat = Osat - (T—KR) (5.46)
KD
Calculation of Conductance Parameters
- Tkr \ "
brn = b - (T—KR> (5.47)
KD

40
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Calculation of Sub-Threshold Parameters

Tkp -
o = Ten o1

Calculation of Weak—Avalanche Parameters
a = a-[14 (Tkpo — Tkr) - Stay |

Calculation of Noise Parameters

Tkp =
Nr = PR
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 B_ and/or the upper bound By are specified for the
value range of that parameter. If both bounds are given the value range is the closed interval [B , By]
and in the case of one bound it is either the half-open interval [B , o0) 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 1012 —
1/ke 0 -
¢B 1071 -
B 0 -
Osr 10712 -
Oph 10712 —
TImob 0 -
v 1 —
Or 0 —
6r1 0 —
Or2 0 —
Osat 0 -
O1h 0 —
odibl 1071 -
mo 0 0.5
Osf 1012 —
o 0 —
Vp 1012 —
m 1 —
o1 1071 -
VseT 0 -
a 0 _
ap 1012 —
as 0 —
leinv 0 -
Binv 0 -
leacc 0 -
Bacc 0 -
Kov 1012 —
lcov 0 -
Cox 0 —
Cebo 0 -
Caso 0 -
Nt 0 —
Nea 1012 —
tox 10712 —
Nmucr 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 Section 2. Since in circuit design equal parallel circuited transistors are frequently applied the
specification of one transistor together with a multiplication factor Ny, in the circuit description is
convenient and saves computation time. The general and safe method to implement this mechanism
into the model is to evaluate the currents, charges, noise spectral densities and their derivatives with
respect to the external voltages and, at the end, to multiply them by Nyurt. 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-NwuLt

lainv: = leinv - Nmult
lcacc = leacc - NmuLt
Icov = lcov - NmuLt
Cox = Cox . NMULT
Cepo = Copo - NmuLt
Ceso = Cgso - NmuLt
N, Ne
F =
Nmuwt
N Nra
FA =
Nmuwt
N Nrs
B =
Nmuwt
N Nrc
Fc =
Nmuwt

Although the basic equations, given in Section 2, form a complete set of model equations, they are
not yet suited for a circuit simulator. Several equations have to be adapted in order to obtain smooth
transitions of the characteristics between adjacent regions of operation and to prevent numerical prob-
lems during the iteration process for solving the network equations. In the following section a list of
numerical adaptations and elucidations is given, followed by the extended set of model equations.

The definition of the hyp-function, which provides for a smooth C,.-continuous clipping, is to be
found in Appendix A.

6.1 Numerical Adaptations

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

e The piece-wise egs. (2.1) and (2.8) for Ve, (2.4) for Dst, (2.5) for D, (2.11) for VDSATIong’
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(2.15) for Vpsar, (2.17), (2.22) and (2.51) for different functions f;, (2.48) for Vex ¢ and (2.63)
for Igg have been replaced by smooth C,-continuous functions based on hyp-functions.

Expression (2.3) describing the drain-induced barrier lowering effect has no numerical solution
for Vsg + ¢ < 0. In order to solve this problem the expression Vsg + ¢p is clipped at a
minimum value of 0.1 - ¢g using eg. (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 done in eq. 6.18).

The effective voltage Ve given by eq. (6.33) becomes negative in the accumulation region,
which leads to strange behaviour in the mobility reduction expression @.33). In order to prevent
Vesr from becoming negative, a hyp-smoothing function is used in the actual implementation,
see eq. (6.35).

The theoretical velocity saturation expression 2.35) results in zero divided by zero for \bs = 0.
This numerical problem has been circumvented by replacing this expression by a third-order
Taylor polynomial for small values of Vps, see eq. (6.38).

The theoretical channel length modulation expression @.36) can become negative for high
values of « and Vps. This corresponds to a negative effective channel length, which is not
physical. In order to prevent G, from becoming negative, a hyp-smoothing function is used
in the actual implementation, see eq. (6.39).

The term in the square root of eq. (2.39) 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 (6.42) by using a hyp-smoothing function.

The term v, + Aqcc in expression (2.40) 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 function 6.43) in eq. (6.44).
The same type of problem occurs in eq. (2.32) for variable &, it has been circumvented in the
same way, see eq. (6.34).

Theoretically in subthreshold the drift current given by eq. @.43) is much smaller than the
diffusion current, due to the term A 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 conditions Ay» 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 egs. 6.47) to (6.50).

The exponent in the tunnelling probability Ryn, given by eq. (2.47), results in zero divided by
zero for Vox = 0. By simply rewriting the exponent, this problem can be circumvented as has
been done in eq. (6.54).

The expression of effective oxide barrier lowering A xg, given by eq. (2.64), can become equal
to zero (at Veg = VEg), resulting in numerical errors in the first-order derivatives of A )g to the
terminal voltages. In order to prevent A xg from becoming zero, eq. (6.72) 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 barrier s, given by eq. (2.65), can become zero
or negative resulting in numerical errors. In order to prevent this problem )g . is clipped at a
minimum (arbitrary) value of 0.7 - xg; , using a hyp-smoothing function, see eq. (6.73).

The expression of 9V, given by eq. (2.70), gives numerical problems when the oxide voltage

Vox is equal to zero. This problem has been circumvented by replacing \bx by v/ Vox? + Viimit,
see eq. (6.78).
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e The expression of effective oxide capacitance 2.80) due to quantum-mechanical effects gives
erroneous results for Ve = 0 (i.e. Vg = VEg). This can be prevented by replacing Veg /nmob

by \/ (Vett / ;7mob)2 + (20 - ¢7)2, where the value of 20 - ¢r is rather arbitrary but it nevertheless
ensures a smooth transition from accumulation to depletion/inversion.
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6.2 Extended Equations

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

6.2.1 Internal Parameters

e =2-1072
€ =1-1072
€3 =14-1072
es=1-1071
es=1-10"*

Pp = 1+(k0/kp)2

Viimit =5 - ¢t
1 ORr1

QReff - EQR . (1 + 1/2 + QRz)
0Yrs 1

Acc = =
BVGB VeB=VFB 1 + ko /\/ 2¢T

Ngr = (2.6)*/ko

ACC _ 8’()050V _ 1
oV — — . /] A
dVep Ve=VEBov 1+ Kov /V 2471
2/3
QMN . (GOX /tox) fOI‘ NMOS
QM, =

QMp - (eox /tox)* for PMOS

2
QMtox = g : QMw
XBy for NMOS

XBinv =
XBp for PMOS

XBacc = XBN

46 ©Koninklijke Philips Electronics N.V. 2001



Unclassified Report MOS Model 11, Level 1100

6.2.2 Extended Current Equations

Vegy; = hyp: {Ves + Vsg — Ves:; €1}

Vsg, = hyp; {Vsg + 0.9 - ¢g; €2} + 0.1 - ¢

2
\/PD Ve + Ko /4 — ko/2

Pp

1;0sat0 =

Drain induced barrier lowering and Static Feedback:

Ddibl = odibl - {/ VsBy

Dst = 0%t - \/hypl {lffsato — Vspy; 63}

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

Vps*
32
(Viimit® + Vos?) /

Vbs g =

AVg = D - Vps g
Redefinition of Vg, equation (6.1):

VeBg; = hyp; {Ves + Vsg + AVg — Ves; €1}

Agce = 1 [exp (— Aee: [V;_I?eﬁ — 61]) — 1:|

2

\/PD : (VGBeff + Aatcc) +ko?/4 — ko/2

1;0sat1 = PD - Aacc

Drain Saturation Voltage:

VDsAT|gng = Vsaty — VsBy

Bsat for NMOS
Tsat =

fsat -  for PMOS
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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)

47



NL-UR 2001/813— April 2001

Tsat - eReff

MOS Model 11, Level 1100

Unclassified Report

Asar = - .0 (6.14)
\/W + lsat™ + Reff
9 Asat
VbsATgor = VDSAT| g - | L — 75 - (6.15)
short long ( 10 1+ m
Vosar = Viimit + hyp; {Vosargo, — Viimit; €3} (6.16)
Vps - Vpsar
Vps, = (6.17)
” [Vos®™ + VDSAsz]l/zm
VDBt = hyp1 {VDSX + Vsg + 0.9 - ¢g; 62} +0.1-¢p (6_]_8)
Surface Potential:

fi{yl = 1ﬁsatl — hyp, {Wsatl - El} (6.19)

Vsat, — fa{v}
f2{y) = ) + E - (6.20)

'//satlffl{w}

\/1 + 4N¢T'¢T2

2 |Vepy — f2lvr)

fa{y} = [ z"ﬁ ] (6.21)
L+ /1+4/ke?  [Vosyg — FalV)]
f3(v17?
[T] — f{Y} — Agcc + @71
Usioy (W} = fi{y} + @1 - [L+mo] - In e (6.22)
Vs = Vsiny { VoBi] 629
6.23
1'0;_ = wsinv {VDBt}
Surface Potential in Accumulation:
fy = Acc - [Ves + Vs + AV — Vg — Vo | (6.24)
fy = i 2 (6.25)
fq
1+ N¢-|-'¢T2
[fl/Acc—fz]2 _f +

= —pr-| 0 T 6.26
1zbsac(: — ¢T -In ( . )

o1

48
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Auxiliary Variables:
Ay =g — Vg

- Vs, + ¥,

inv = 2

2- [VGBef'f B 1'[ls'inv]

—ko - \/hypl (Vs + Agcec; €2)

VGT {wsinv } =

1+ \/1 + 4/kp? - [VGBeff - wsinv]
\761- = VGT {‘ﬁinv}

2 [VGS + Vsg + AV — Veg — Yinv — Wacc]

Vox = =
1+ \/1 +4/ke® - [Vopegs — Yinv]

2

aVox = =
L+ /1+4/ke? - [Vosyy — Pins]

Vett = VGT + 7mob - (Vox - VGT)

1 ko
§=¢r- — t+ -
1+ \/1 + 4/kp? - [VGBeff - Winv] 2\/hyp1 (Winv + Aacc; E5)

Second-Order Effects
Mobility Degradation:

Veit; = hypy {Ver; €2}

v " A

1+ [(Qph Vetty)" + (Ot - Verry ) ] for NMOS
v/3 v 1/v

[1 + (Bph - Verty) " + (6sr - Verry ) ] for PMOS

Velocity Saturation:

zstatitf for NMOS
mo
X =
m (l+9sat2-Aw2)1/4 for PMOS
GrQOb.[\/l—i-—xz—i—l—%] for; x <1-107%
Gysat =

| A/ 1+x2
Gn;ob‘|: /1+X2+M:| for: x21.10—4
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(6.30)

(6.31)

(6.32)

(6.33)

(6.34)

(6.35)

(6.36)

(6.37)

(6.38)
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Vbs — Vbsy + \/ (Vbs — VDSX)2 + Vp?
GaL = hypl l—a-In ; €5 (6.39)
Vp
Series Resistance + Self-Heating:
Gt 14+ 20 v (6.40)
Or2 + Vg
Gh = 6 - Vbs - AV - Vor (6.41)
GaL-G G
Gut = G + [GaL ;sat + R]_
4. GR/Gvsat 2 2 }
114 /h {1— |G -G ;€ 6.42
|: \/ YP1 [GAL - Gusat + GR]2 [ vsat mob ] 5 ( )
Inversion-Layer Charge (Qin = —€ox /tox - Vin):
1'05inv>k {wsinv} = hyp, {wsinv + Aace} 65} (6.43)
vs: o~V
Ko - ¢t - exp Tormolor v
Viw { Vi ¥} = [ w“"" ;’T] (6.44)
* Sinv — *
\/lffsinv {lllsinv} + ¢t - exp [[ﬁ]?.r] + 1/ K/fsim, {¥s)
Vinvo = Vinv {W;;, VSBt} (6-45)
Vinv|_ = Vinv {W:L, VDBt} (6-46)
Drain Current
Xo = — - (Vsaty + b1 — VsBy) (6.47)
o1
2
XL = — - (¥sar; + 1 — VoBY) (6.48)
ot
_ _&Xp(Xo) +exp () (6.49)
exp (Xo) +exp (xp) +1
B Vor - AY for: Xxo >80 or x_> 80
larite = . (6.50)
B-Vor Ay -G fori xp <80 and x_ <80

50
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laift = B - &1 - (Vinve — Viow)

 ariee + it

Ips
Giot

Weak-Avalanche:

0 for: Vps < az - Vpsar

Iavl =

a2 .
ap - IDS . exp <—m) fOI‘. VDS > 3.3 . VDSAT

Gate Current Equations:

The tunnelling probability is given by:

&P = — for: Vox < x8
Ptun {Vox; xB; B} = 1+<1,M>

exp (— B/ Vix) for: Vox > x8

(6.51)

(6.52)

(6.53)

(6.54)

Source/Drain Gate Overlap Current: First calculate the oxide voltage Vg, at both Source and

Drain overlap:

Vexg {Voxt = Vex — Vesov — hyp; {Vex — VeBov; €1}

i AcCoy - [V V.
Agy Vox] = ér - exp( CCov - [ Gx;fo{ Gx}+€1]> _1}

kov2 kOV

4 2

2
Vsatoy {Vox} = — | {/ —— — Voxeg {Vox} + Aov {Vex} — :| + Aov {Vox}

f1 {Vex} = AcCov - [Vox — VrBov — Voxggy (Vox}]

5 (Vo) = f1 {Vex) :
14 [f1{vexi]
N¢T'¢T2
2- % — f2{Vex!}
f3 {Vox} = [ Aoy ]

1+ \/ 1+ 4/ke? - [ ALK — 1, (Vx|

2
et ]" 4 1, (Vox) + g1
o1

Ve, (Vox} = ¢1 - In
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(6.57)

(6.58)

(6.59)

(6.60)

(6.61)
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2 [Vex — Vesov — ¥, (Vox} — Ysatoy {Vox!]
L+ /1+4/ke? - [ f1{Vox} / Accoy — ¥, (Vox)]

Vov {Vex} =

Vovo = Vov {Ves}
Vo = Vov {VGs — Vps}
Next calculate the gate tunnelling current in both Source and Drain overlap:
Pov {Vov} = Pun {Vov: xg,,,,: Binv}
lcov {Vex: Vov} = lcov - Vex * Vov * [Pov {Vov} — Pov {—Vovl]
love = leov {Vas » Vovo}
lcov. = lcov { Vs — Vs, Vou |
Intrinsic Gate Current: The gate tunnelling current in accumulation:
Pacc = Pun {—Vox§ XBacc» Bacc}
Vace = Vox — hyp; {Vox; €s}

lece = —leacc - (Ves + VsB) - Vace * Pacc

The tunnelling current in inversion, including quantum-mechanical barrier lowering A )s:

- - 2 2 1/3
Axs = QMy - [(VGT/3 + Vox — Var)~ + Viimit ]
XBegr = 0.7 - X8y, +hypy {0.3. XBin, — AXB; €5}
)3/2

Befr = Biny - (XBeff /XBinv

Pinv = Ptun {VOX; XBgtf Beff}

3
BiTN = g : XBeff_Z - Beff - 9Vox

dVox

[0):4 = T —
VVox® + Viimit>

(6.62)

(6.63)

(6.64)

(6.65)
(6.66)
(6.67)

(6.68)

(6.69)
(6.70)

(6.71)

(6.72)

(6.73)

(6.74)

(6.75)

(6.76)

(6.77)

(6.78)
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e (Bt B £ 2 By VG2 e Vg ] A
GC 4 :
- 1
lec = lainv - GaL - (VGS - EVDSX) * Piny (6.80)
- Vi Vi
Vinw = M (6.81)
The total intrinsic gate current lgc:
lec = lgc - Vinv - Poc (6.82)
Pos = [Bin + 0Va] - 5 + | Bin’ - (B +5- £ +3-V5y)
%2 * * * * * * Alﬂ3
+2. &2 (Bfy, — £+ 0Vg) + 10 By, - -avox] = (6.83)
1 - Vinve — Vi _
les = R lec + (PGS - Vinv + %) - lec + leov, (6.84)
lep = lec — les + leovy + lcov (6.85)
6.2.3 Extended Charge Equations
Bias-Dependent Overlap Capacitance:
Qovy = Caiso * Vov, (6.86)
Qov. = Ccpo - Vov,. (6.87)
Intrinsic Charges:
COX
Coxgt = = — (6.88)
. eff . 2
1+ QM [(nmob) +(20-¢7) }
Ve, = hypy {Ve; {ve}:es) (6.89)
Ver, = hyp; {Ver {vq } €5} (6.90)
- V V
Vg, = Yom + Vot (6.91)
2
Ve, — V
AVg, = — T “CIL (6.92)

Vg,
2' 1+9R'm
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F= A_\i o1 (6.93)
V&,
Cox i AV, Fi2
Qs =-— °Zeff : [ng + 3GT - (FJ- — ?’ + 1) — s} (6.94)
Coxre |- AV, 2
Qp = — °26ff - |:V§T+%-<Fj+%—l> —g} (6.95)
Qs = —Coxyy - [ Vox = Vi +£] (6.96)
Qe = —[Qs+ Qp + Qg (6.97)

6.2.4 Extended Noise Equations

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

dIps

= 6.98
i = v (699)
Tt = bear? (6.99)
N for PMOS
Ay? v Vinvg tViny
R: _ /8 : Gvsatz \7 + 12 _g ) <VGT B 02 L) (6 100)
ideal = Grot Gt VGT TE .
Nt
St = /e (Rideal — Tsat - Ips - AY) (6.101)
mob
€ox
No = “ Vinv (6.102)
Qtox
€ox
N = - Viny, (6.103)
Qtox
N* — €ox E (6104)
thX
q‘¢T2‘tox',B’|DS 2 NO"‘N>k
_ A (Nea — N* - N, N Ngc)-In———
St Feo Grop N' ( FA FB + FC) N+ N
NFC 2 2
+ (Nrg — N* - Nec) - (No — Np) + — (No® — NL?) (6.105)
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n é1 - Ips? C(1—GaL)- |:NFA + Neg - N t IZ\IFC . NL2j|
f (NL + NY)
L N-+. z‘n‘f.C ?
Ny (27 Cox) /9 for: GATENOISE = 0
S|g — 1+0.075~(2‘ﬂ‘fcox/gm) (6106)
0 for: GATENOISE =1
pigh = 0.4] (6.107)

Sigth = Pigth - 1/ Sig * Sth (6.108)
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7 Parameter Extraction

7.1 Parameter Extraction Method

The parameter extraction for MOS Model 11 using an optimization method is described step-by—
step in the scheme below. The equations used for the parameter extraction are the basic equations
of section 2. It should be noticed that for the p—channel MOSFET all voltage and current values
have to change sign upon entering the optimization program as a p—MOST is treated as an equivalent
n—MOST. The bias conditions to be used for the measurements are dependent on the supply voltage
of the process. Of course it is advisable to restrict the range of voltages to this supply voltage .
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 from C-V -measurements. If the (physical) oxide thickness tx and the polysilicon impurity
concentration Np are known, the parameter KPINV (= 1/kp) can be calculated from’:

kP:tox 2-q-esi-Np (7.1)

€ox

If the polysilicon impurity concentration Ne is not known, as a good first-order estimate one can use
Np = 1-10%m~2 for n*-polysilicon gates and Np = 5 - 102°m~2 for p*-polysilicon gates. In the
latter case a measured Cgg-Vgs-characteristic for a long-channel transistor is essential for an accurate
determination of KPINV.

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 value of ¢ is
calculated from the device temperature Tkp according to eq. (5.48). The value of smoothing factor
m is calculated from the device length L and from the minimum feature size of the technology Lmin
using eg. (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,,/lc—Vss-characteristics in linear region:
n—channel : Vs =0... Vgp (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 KPINV = 0.
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Starting miniset parameter values for parameter extraction of a typical
MOS transistor with channel length L (m), channel width W (m), ox-
ide thickness &, (m) and polysilicon impurity concentration No (m~3)
at room temperature. If the polysilicon concentration No is not known,
one can use Np = 1-10%°m~2 or 5-10°°m~2 for n*- resp. p*-polysilicon
gates. Parameters Cyx, Cgso and Cgpo are only important for the charge
model, and do not affect the dc-model; they have to be extracted from
C-V -characteristics. In order to determine the 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.

Parameter | 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° /(fox - v/Np) | 6.0-10% /(tox-+/Np) | L
b8 PHIB 0.95 0.95 A
B BET 1.7-107% [tou - W/L | 45-107% [to - W/L | A
Osr THESR | 1.5-1079 /toy 2.3-107° /toy L
Bph THEPH | 1.3-10710 [ty 2.2-107%0 /to, L
Tmab ETAMOB | 1.3 3.0 L
v NU 2.0 2.0 L
6R THER 1.3-1077 /L 8.0-107% /L S
OR1 THERL1 |0 0 -
OR2 THER2 |1 1 -
Osat THESAT |45-1077 /L 2.0-1077 /L A
61h THETH |1.0-10°° 1.0-10°6 A
bl SDIBL | 5.0-1072 (Lmin /L)* | 5.0-1072+ (Lyin /L)* | S
Mo MO 1.0-10°8 1.0-10°8 A
ot SSF 6.0-107% - Lmin /L 6.0-1072 - Liyin /L A
o ALP 6.0-1072 - Liin /L 6.0 1072 - Lyin /L A
Vp VP 5.0-107? 1.0-1071 F
m MEXP use Eq. (5.23) use Eq. (5.23) -
o PHIT use Eq. (5.19) use Eq. (5.19) -
a Al 25 100 A
a A2 25 37 A
as A3 1 1 A
Iciny IGINV 3.0-107° WL /t® | 40-107° - WL /t* | A
Binv BINV 2.9-10M10 . t, 4.3.10M10 . t, L
leacc IGACC 3.0-10°% - W- L /t® [ 20-107° - WL [t > | A
Bacc BACC Binv 2.9-10710 . to, L
VEBov VFBOV | 0.1 0.1 L
Kov KOV 9.3-10%8 .ty 3.8-10%8 .ty L
Icov IGOV 5.0- 1072 W /1y 5.0-10712 - W /ty,® A
Cox COX €ox [lox - W- L €ox [ox - W- L -
Cepo CGDO 3.0-107%°. w 3.0.-107°. w -
Csso CGSO 30-1071°. w 3.0-107%0. w -
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p—channel : Vs =0 ... —Vgyp (with steps of maximum 50 mV).
Vps = -50 mV

e Measurement Il : Subthreshold Ip—Vgs-characteristics:
n-channel : Vgs =V —-06V...Vt+03V
Vps = 3 values starting from 100 mV to Vg
VBS =0... _Vsup

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

e Measurement 11 : Ip/gps/lc—Vps-characteristics:

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

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

e Measurement IV : Ip/ls/lg/Ig—Vss-characteristics in all operation regions:
n—channel : Vgs = -Veyp . .. Veyp (With steps of maximum 50 mV).
Vs = 4 values starting from 0 V to Vgyp

VBS =0V

p—channel : Vs = -Vgyp ... — Vaup (With steps of maximum 50 mV).
Vps = 4 values starting from 0 V to - Vg
VBS =0V

e Measurement V : Ig—Vgs-characteristics:
n—channel : Vs =0 ... Vgp (with steps of maximum 50 mV).
Vps = 3 values not above Vyp

VBS =0V

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

e Measurement VI : Cyq—Vis-characteristic (optional):

n/p-channel : Vgs = —Vgyp ... Visyp (With steps of maximum 50 mV).
VDS =0V
VBS =0V

The values of transconductance g,, and output conductance gyg are extracted from the I-V-characteristics
by calculating in a numerical way the derivative of b to Vs and Vps, respectively. In the subthresh-
old measurements, Measurement Il, use is made of threshold voltage \t, which has to be determined
for all the used bulk-source bias values Vgs. The determination of Vr is rather arbitrary, and it can be
either determined using the linear extrapolation method or the constant current criterion.

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 parameter 1/, the flat-band voltage
Veg, the carrier mobility (i.e. €, 6pn and nmob) and the gate tunnelling probability factors (B, and
Bacc) can be determined, and they can subsequently be fixed for the short and narrow-channel devices,
see Tab. 7.1. In Table 7.2 the extraction procedure for long-channel transistors is given. Since the

Table 7.2: DC-parameter extraction procedure for an n-type long-channel MOS
transistor, where Steps 2 and 12 are optional. For p-type transistors all
voltages and currents have to be multiplied by —1. The optimization
is either performed on the absolute or relative deviation between model
and measurements. Parameter kg is 2.5 wA for NMOS and 0.8 uA for
PMOS. The parameter v is only determined for temperatures unequal to
room temperature. For n-type MOS transistors By, = Biny, and as a
result By does not have to be extracted. For p-type MOS transistors
this is not the case, see Tab. 2.1.

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

1 o8B, Ko , B, O | Ip Absolute -

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

3 o8B, ko , Mg I Ip Relative -

4 B, Os, Gpn s (V) I Io /g, | Relative | Veg =0V

Ves > V7 + 0.3V

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

6 Osat Il Ib Absolute | -

7 osf, o , Oh Il Ops Relative | —

8 Osat Il Ib Absolute | —

9 Iciny » Binv | I Absolute | -

10 lcov , (Bacc) , leace kov v I Absolute Ves <0V

11 ap, a,a V Is Absolute | —

12 Veg , kp , Cox VI Cyg Relative | -

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

value of body-factor ky may change much over geometry and over technology, the first-order estimate
in Tab. 7.1 is very crude and a more accurate, preliminary value is obtained using Step 1. In Step 2
(optional) more accurate values of the poly-depletion parameter 1/l and the flat-band voltage Vrg
(which determines the onset of accumulation) are extracted. Next the subthreshold parameters ¢,
ko and mq 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 parameters ¢, o and 6y, are determined in Step 7.
A more accurate value of 65 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 parameter 1/l, flat-band voltage Vgg,
the carrier mobility parameters (6, 6pn and nmep) and the gate tunnelling probability factors (B, and
Bacc) of the long-channel device are copied, and next the extraction procedure as given in Table7.3
is executed. In contrast to the long-channel case, the extraction procedure for short-channel devices
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Table 7.3: DC-Parameter extraction procedure for an n-type short-channel MOS
transistor. For p-type transistors all voltages and currents have to be
multiplied by —1. Parameters 1/kp, VEg, Osr, Oph, lmob, Binv, Bacc and
koy 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 ¢ . ko, B, OR [ Ip Absolute | —
2 o , Ko, Mo, odipl I Ip Relative | -
3 B, 6r I Ip /9y | Relative | Vsg =0V
Ves > V1 +0.3V
4 Osat Il Ib Absolute | -
5 osf, &, OTh , Odibl 1 Obs Relative -
6 Osat Il Ib Absolute | -
7 l(3|N\/ , IGOV , IGACC v IG Absolute -
8 ai, a ,as V Is Absolute | -
9 Repeat Steps 2, 3,4, 5,7 and 8

also optimizes the parameters for series-resistancé and DIBL.

AC-parameters: The AC-parameters Cox, Csso, Copo, Kov and Vegoy Cannot be (accurately) de-
termined from DC-characteristics, and as a consequence they have to be determined from C-V-
characteristics. Since normal MQOS transistors are symmetrical devices, one can assume that the
oxide capacitance of the source and drain extension are identical, which implies that Gsso=Cgpo.
The oxide capacitance of the intrisic MOSFET Cyx can be extracted from Measurement VI. For an
accurate determination of the bias-dependent overlap capacitances Gsso (=Cspo), Kov and Veggy, the
following C-V -measurements have to be done:

e Measurement VII : Cyq—Vgs-characteristic:

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

p—channel : Vs =0 ... Vg (with steps of maximum 50 mV)
VDS =0V
VSB =0V

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

VDS =0V

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

p—channel : Vgg =0V

8Note that in Table 7.3 parameters 61 and 6g 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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Vsg = —Viyp - .. 0 (with steps of maximum 50 mV)

In Table 7.4 the extraction procedure for the AC-parameters is given.

Unclassified Report

Table 7.4: AC-parameter extraction procedure for a MOS transistor. Here it is as-
sumed that Cgso = Cgpo. In the first instance flat-band voltage Vegov
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,Caso | VIIIVIII | Cy/Cyq | Relative | —

2 Cox Vi Cyg Relative | —

3 Repeat Steps 1 and 2

7.2 Scaling of Parameters

Using the scaling relations of Chapter5 it is possible to calculate a parameter set for a process, given
the parameter set of typical transistors of this process. To accomplish this, transistors of different
lengths, widths and at different temperatures have to be measured. With the results of these 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 minisets (¢g, Ko, 8, ...) for all measured devices, as explained in Section7.1.

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 determination of AL and AW,
see egs. (5.1) and (5.2), since it affects both the DC- and the AC-model. Traditionally AW can be
determined from the extrapolated zero-crossing in the B versus mask width W characteristic. In a
similar way AL can be determined from the 1/8 versus mask length L characteristic. For modern
MOS devices with pocket implants, however, it has been found that the above AL extraction method
is no longer valid [18]. Another, more accurate method is to measure the gate-to-bulk capacitance
Cgg in accumulation for different channel lengths [L9]. In this case the extrapolated zero-crossing in
the Cgp versus mask length L 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_n (D,G,S,B) <parameters>

p-channel geometrical model MP_n (D,G,S,B) <parameters>

n-channel electrical model : MNE_n (D,G,S,B) <parameters>

p-channel electrical model : MPE_n (D,G,S,B) <parameters>

n occurrence indicator

<parameters> :  list of model parameters

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

64
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8.2 Pstar Specific Values

The default values and clipping values as used by Pstar for the parameters of the geometrical MOS
Model 11 (n-channel) are listed below.

No. Parameter Units Default Clip low Clip high
0 LEVEL - 1100 - -
1 LER m 1.0x107®  1.0x10°1°

2 WER m 1.0x10°  1.0x107° -
3 LVAR m 0.000 - -
4 LAP m 40x10°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 05x107% - -
10 KOR V12 0.500 - -
11 SLKO Vv/2m 0.000 - -
12 SL2KO v¥2m2  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 Vm? 0.000 - -
18 SWPHIB vm 0.000 - -
19 BETSQ AV2 3.709x107* - -
20 ETABET - 1.300 - -
21 FBET1 - 0.000 - -
22 LP1 m 0.8x107%  1.0x107%

23 FBET2 - 0.000 - -
24 LP2 m 0.8x10¢ 1.0x10°%° -
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No. Parameter Units Default Clip low Clip high
25 THESRR Vs 0.400 - -
26 SWTHESR m 0.000 - -
27 THEPHR V-1 1.29%x1072 - -
28 ETAPH - 1.750 - -
29 SWTHEPH m 0.000 - -
30 ETAMOBR - 1.40 - -
31 STETAMOB K1 0.000 - -
32 SWETAMOB m 0.000 - -
33 NUR - 1.000 - -
34 NUEXP - 5.250 - -
35 THERR V-1 0.155 1.0x1071° -
36 ETAR - 0.950 - -
37 SWTHER m 0.000 - -
38 THER1 \% 0.000 - -
39 THER2 \Y 1.000 - -
40 THESATR v 0.500 - -
41 SLTHESAT - 1.000 - -
42 THESATEXP - 1.000 0.000 -
43 ETASAT - 1.040 - -
44 SWTHESAT m 0.000 - -
45 THETHR V-3 1.0x107% - -
46 THETHEXP - 1.000 0.000 -
47 SWTHETH m 0.000 - -
48 SDIBLO V12 2.0x107% - -
49 SDIBLEXP - 1.350 - -
50 MOR - 0.000 - -
51 MOEXP - 1.340 - -
52 SSFR Vv-L2 6.25x107° - -
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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
SLA?
SWA?2
A3R
SLA3
SWA3
IGINVR
BINV
IGACCR
BACC
VFBOV
KOV
IGOVR
TOX
COL
GATENOISE

MOS Model 11, Level 1100

Units
m

m

AV~
\%
AV~

©K0ninklijke Philips Electronics N.V. 2001

Default
1.0x10°6
0.000
1.0x1072
1.000
1.000
0.000
5.0x1072
1.5x10~'
6.000
0.000
0.000
0.000
38.00
0.000
0.000
1.000
0.000
0.000
0.000
48.00
0.000
48.00
0.000
2.500
0.000
3.2x107°
3.2x10710
0.000

Clip low

0.000
0.000
0.000
0.000
1.0x1071?
0.000
1.0x1071?

0.000

April 2001 — NL-UR 2001/813

Clip high

1.000

67



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

No. Parameter Units Default Clip low Clip high
81 NTR J 1.656x10~% - -
82 NFAR Vim™4  1573x10%2 - -
83 NFBR Vim—?  4752x10% - -
84 NFCR \Vans 0.000 - -
85 L m 2.000x1076 - -
86 W m 1.000x10°° - -
87 DTA K 0.000 - -
88 MULT - 1.000 0.000 -
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The default values and clipping values as used by Pstar 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 1.0x107%  1.0x1071 -
2 WER m 1.0x10°  1.0x10°1°

3 LVAR m 0.000 - -
4 LAP m 40x10°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 V12 0.500 - -
11 SLKO VvY2m  0.000 - -
12 SL2KO v2m2  0.000 - -
13 SWKO Vv/2m 0.000 - -
14 KPINV V12 0.000 - -
15 PHIBR \Y 0.950 - -
16 SLPHIB vm 0.000 - -
17 SL2PHIB Vm? 0.000 - -
18 SWPHIB vm 0.000 - -
19 BETSQ AV~2 1.150x10~* - -
20 ETABET - 0.500 - -
21 FBET1 - 0.000 - -
22 LP1 m 0.8x107%  1.0x10°% -
23 FBET2 - 0.000 - -
24 LP2 m 0.8x107%  1.0x10°%
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No. Parameter Units Default Clip low Clip high
25 THESRR Vs 0.730 - -
26 SWTHESR m 0.000 - -
27 THEPHR V-1 1.0x107% - -
28 ETAPH - 1.750 - -
29 SWTHEPH m 0.000 - -
30 ETAMOBR - 3.000 - -
31 STETAMOB K1 0.000 - -
32 SWETAMOB m 0.000 - -
33 NUR - 1.000 - -
34 NUEXP - 3.230 - -
35 THERR V-1 0.080 1.0x1071° -
36 ETAR - 0.400 - -
37 SWTHER m 0.000 - -
38 THER1 \% 0.000 - -
39 THER2 \Y 1.000 - -
40 THESATR vt 0.200 - -
41 SLTHESAT - 1.000 - -
42 THESATEXP - 1.000 0.000 -
43 ETASAT - 0.860 - -
44 SWTHESAT m 0.000 - -
45 THETHR V-3 0.5x10°% - -
46 THETHEXP - 1.000 0.000 -
47 SWTHETH m 0.000 - -
48 SDIBLO V12 1.0x107% - -
49 SDIBLEXP - 1.350 - -
50 MOR - 0.000 - -
51 MOEXP - 1.340 - -
52 SSFR Vv-L2 6.25x107° - -
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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
SLA?
SWA?2
A3R
SLA3
SWA3
IGINVR
BINV
IGACCR
BACC
VFBOV
KOV
IGOVR
TOX
COL
GATENOISE

MOS Model 11, Level 1100

Units
m

m

AV~
\%
AV~
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Default
1.0x10°6
0.000
1.0x1072
1.000
1.000
0.000
5.0x1072
1.5x10~'
6.000
0.000
0.000
0.000
38.00
0.000
0.000
1.000
0.000
0.000
0.000
87.50
0.000
48.00
0.000
2.500
0.000
3.2x107°
3.2x10710
0.000

Clip low

0.000
0.000
0.000
0.000
1.0x1071?
0.000
1.0x1071?

0.000
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Clip high

1.000
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No. Parameter Units Default Clip low Clip high
81 NTR J 1.656x10~% - -
82 NFAR Vim™4  3.825x10% - -
83 NFBR Vim—2 1.015x10® - -
84 NFCR \Vans 7.300x107° - -
85 L m 2.000x107% - -
86 W m 1.000x10°° - -
87 DTA K 0.000 - -
88 MULT - 1.000 0.000 -
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The default values and clipping values as used by Pstar for the parameters of the electrical MOS
Model 11 (n-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 1.0x10°%2 -
3 KPINV V12 0.0000 0.000 -
4 PHIB \Y 0.9500 1.0x1071? -
5 BET AV~—2 1.9215x10720.000 -
6 THESR \Van 0.3562 1.0x1071? -
7 THEPH s 1.29x1072 1.0x1072? -
8 ETAMOB - 1.4000 0.000 -
9 NU - 2.0000 1.000 -
10 THER V-1 8.12x1072  0.000 -
11 THER1 \Y} 0.0000 0.000 -
12 THER2 \Y 1.0000 0.000 -
13 THESAT v-1 0.2513 0.000 -
14 THETH v—3 1.0x107°  0.000 -
15 SDIBL V12 8.53x107* 1.0x10722 -
16 MO V 0.0000 0.000 0.500
17 SSF V12 0.0120 1.0x10°%2 -
18 ALP - 0.0250 0.000 -
19 VP V 0.0500 1.0x10°%2 -
20 MEXP - 5.0000 1.000 -
21 PHIT \Y 2.663x1072 1.0x107% -
22 Al - 6.0221 0.000 -
23 A2 \Y 38.017 1.0x107%2 -
24 A3 - 0.6407 0.000 -
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No.

25
26
27
28
28
29
31
32
23
34
35
36
37
38
39
40
41

74

Parameter
IGINV
BINV
IGACC
BACC
VFBOV
KOV
IGOV
COX
CGDO
CGSO
GATENOISE
NT

NFA

NFB

NFC

TOX
MULT

Units
AV~2
\%
AV2
V

V
V172
AV~

MOS Model 11, Level 1100 Unclassified Report

Default Clip low

0.0000 0.000
48.000 0.000
0.0000 0.000
48.000 0.000
0.0000 -

2.5000 1.0x10712
0.0000 0.000

2.98x1071* 0.000
6.392x 10 0.000
6.392x 105 0.000
0.0000 0.000
1.656x10~%° 0.000
8.323x10%2 1.0x10712
2.514x10" -
0.0000 -
32x107%  1.0x10°%2
1.0000 0.000

Clip high

1.000
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The default values and clipping values as used by Pstar 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 1.0x10°%2 -
3 KPINV V12 0.0000 0.000 -
4 PHIB \Y 0.9500 1.0x1071? -
5 BET AV~—2 3.8140x10740.000 -
6 THESR \Van 0.7300 1.0x1071? -
7 THEPH \Vans 0.0010 1.0x1071? -
8 ETAMOB - 3.0000 0.000 -
9 NU - 2.0000 1.000 -
10 THER V-1 7.90x1072  0.000 -
11 THER1 \Y} 0.0000 0.000 -
12 THER2 \Y 1.0000 0.000 -
13 THESAT v-1 0.1728 0.000 -
14 THETH V-3 0.000 0.000 -
15 SDIBL V12 3.551x10° 1.0x107%2 -
16 MO V 0.0000 0.000 0.500
17 SSF V12 0.0100 1.0x10°%2 -
18 ALP - 0.0250 0.000 -
19 VP V 0.0500 1.0x10°%2 -
20 MEXP - 5.0000 1.000 -
21 PHIT \Y 2.663x1072 1.0x107% -
22 Al - 6.8583 0.000 -
23 A2 \Y 57.324 1.0x107%2 -
24 A3 - 0.4254 0.000 -
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No.

25
26
27
28
28
29
31
32
33
34
35
36
37
38
39
40
41

76

Parameter
IGINV
BINV
IGACC
BACC
VFBOV
KOV
IGOV
COX
CGDO
CGSO
GATENOISE
NT

NFA

NFB

NFC

TOX
MULT

Units
AV~2
\%
AV2
V

V
V172
AV~

MOS Model 11, Level 1100 Unclassified Report

Default Clip low

0.0000 0.000
87.500 0.000
0.0000 0.000
48.000 0.000
0.0000 -

2.5000 1.0x10712
0.0000 0.000

2.717x10714 0.000
6.358x 105 0.000
6.358x 1075 0.000
0.0000 0.000
1.656x10~%° 0.000
1.900x10%2 1.0x10~*
5.043x10° -
3.627x10710 -
32x107%  1.0x10°%2
1.0000 0.000

Clip high

1.000
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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 given (e.g. ). The objective of
the DC operating point facility is twofold:

e Calculate small-signal equivalent circuit element values

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

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

No. Symbol Program Units Description

Name

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

1 L IAVL A Substrate current due to weak-avalanche

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

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

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

5 Vbs VDS \V Drain-source voltage

6 Vs VGS \V Gate-source voltage

7 Vsg VSB \V Source-bulk voltage

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

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

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

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

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

12 Vpsar VDSS \/ Drain saturation voltage at actual bias

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

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

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

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

Tn

17 Cppy CDD Com) = 0Qp /9 Vps

©K0ninklijke Philips Electronics N.V. 2001 77



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

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

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

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

Cop) = —9Qg /0 Vbs

Co) = 0Qg /9 Ves

Ces) = Co6) — Co(p) — Co(B)

27 Css)  CSS
28 Csg CSB
29 Cgp) CBD
30 Cpe CBG
31 Cgs CBS
32 Cpm CBB
33  Cep,y CGDOL

Css) = Cs(e) + Csp) + Cs(B)
Csg) = 0Qs /3 Vg

Cap) = —00Qg /9 Vs

Cae) = —00Qg /9 Ves

Cg(s) = Cgw®) — C(p) — CB(G)
Ca) = —9Qp /0 Vs

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

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

3B We WEFF m Effective channel width for geometrical models

36 Lg LEFF m Effective channel length for geometrical models

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

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

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

40 Kegt KEFF vV Body effect parameter: kefr = ko

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

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

m

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

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

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

45  finee FKNEE Hz Cross-over frequency above which white noise is dominant:
funee = 1HZ - 54 (1Hz) /Sth
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A Auxiliary Equations
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