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Abstract: A new compact model for MOS transistors has been developed, MOS Model

11 (MM11), the successor to 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 MM 11 is suitable for digital, analog
as well as RF circuit design.

MOS Model 11 is a symmetrical, surface-potential-based model. It in-
cludes an accurate description of all physical effects important for mod-
ern and future CMOS technologies, such as, e.g., gate tunnelling current,
gate-induced drain leakage, influence of pocket implants, poly-depletion,
quantum-mechanical effects and bias-dependent overlap capacitances.
Including all of the above, MOS Model 11 achieves superior accuracy as
compared to MOS Model 9 without an increase in the number of parame-
ters and with only a slight increase in simulation time.

The goal of this report is to present the complete physical background
of MM11, Level 1101, including a description of steady-state currents,
charges and noise sources. This report gives a more in-depth descrip-
tion and derivation of the model equations as used in the report NL-UR
2002/802.
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List of Symbols

This list is not a complete list of the symbols used in this report, it excludes those symbols which
are only used locally in a particular chapter. In the following, subscripts i and j denote one of the
MOSFET terminals, i.e., drain (D), gate (G), source (S) or bulk (B).

Symbol Unit  Description

AGIDL AV~ Gain factor for gate-induced drain leakage current, see Section 4.2

BcipL \Y Probability factor for gate-induced drain leakage current, see Section 4.2

Bacc \" Probability factor for gate tunnelling current in accumulation, see Section 5

Biny \" Probability factor for gate tunnelling current in inversion, see Section 5

CoipL — Factor for the lateral field dependence of the gate-induced drain leakage current,
see Section 4.2

Capo F Oxide capacitance for the gate—drain overlap, see Section 6.2

Caso F Oxide capacitance for the gate—source overlap, see Section 6.2

Cox F Total gate oxide capacitance, Cox = Cox - W - L

Gy F/m?  Linearisation factor of Qy, Co = — 0 Qp/0Vsly —

C, F/m?>  Linearisation factor of Q,, Co=—00,/ 8w5| et

Cij F Transcapacitance between node i and j, see eq. (6.5)

Cinv F/m*  Linearisation factor of Qiny, Ciny = — 3 Qiny/ Vsl y.—j

Cox F/m? Gate oxide capacitance per unit area, Cox = €45/ fox

Ec eV Energy level of lower edge of conduction band

Er eV Fermi energy level

Ev eV Energy level of upper edge of valence band

& eV Energy bandgap between &c and £y in silicon, £, = 1.12eV at T = 300K

Eg; V/m Transversal electric field at Si/Si0O;-interface, Es; = Qg /€s;i

E.¢ V/m Effective transversal electric field, see Section 3.3.1

Eo« V/m Transversal electric field in gate oxide, Eqx = Qg/€0x

Es, E, V/m Lateral (Ex = —01/0x) and transversal (Ey = —dvr/dy) electric field

Gr — Expression for series resistance, see Section 3.4

Gy — Expression for self-heating, see Section 3.6.3

G mob — Expression for mobility reduction, see Section 3.3.1

G ysat — Expression for velocity saturation, see Section 3.3.2

Giot — Expression for mobility reduction, velocity saturation, series resistance, channel
length modulation and self-heating, see Sections 3.3-3.6

GaL — Expression for channel length modulation, see Section 3.6.1

Iginy AV~2  Gain factor for intrinsic gate tunnelling current in inversion, see Section 5.1

Igacc AV~2  Gain factor for intrinsic gate tunnelling current in accumulation, see Section 5.2

Icov AV~2  Gain factor for source/drain overlap gate tunnelling current, see Section 5.3
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Symbol  Unit  Description

Ig,, A Gate current in gate-source (Igoy,) or gate-drain (I, ) overlap region, see Sec-
tion 5.3

Lasise > Lair A Drift or diffusion component of Ips, Ips = larire + Lair

I; A Current flowing into node i

I;; A Current flowing from node i to node j

L m Effective channel length

L nask m Mask or drawn channel length

Nra V~!m~* First coefficient of the flicker noise, see Section 7.1

Nrp V~'m~2 Second coefficient of the flicker noise, see Section 7.1

Nrc v-! Third coefficient of the flicker noise, see Section 7.1

Na m~3 Impurity concentration in bulk

Nov m—3 Effective impurity concentration in gate-overlapped drain or source extension

Np m—3 Impurity concentration in polysilicon gate

Nt J Coefficient of the thermal noise, Ny =4 -kg - T

Oy C/m?>  Bulk charge density formed by accumulation or depletion layer

O» C/m?>  Average bulk charge density, Oy = Ov(Ys = V)

Q. C/m?>  Gate charge density

Qg C/m?>  Average gate charge density, Qg = Q. (Vs = V)

Oiny C/m?>  Inversion-layer charge density

Qinvg> Qinvy, C/m?>  Inversion-layer charge density at source or drain side

Qiny C/m?>  Average inversion-layer charge density, Qiny = Qiny (Vs = ¥)
v C/m?>  Effective inversion-layer charge density, by = Qiny + &1 - Ciny
_1*nv C/m?>  Average effective inversion-layer charge density, _1*nv = QF (Ys =)
0; C Total nodal charge of node j
Qov C/m?>  Charge density in gate-overlapped source/drain extension

Qovys Qov, C/m?  Charge density in gate-overlapped source or drain extension
Rg Q Series resistance
Q Bias-independent part of series resistance, see Section 3.4

Sip»Sig A%/Hz Noise spectral density of drain (S1,) and gate (Sy;) current

T K Temperature in channel region in MOS transistor

Vv \' Electron quasi-Fermi potential

VDS v Drain-source saturation voltage, see Appendix H

VDS i \Y Drain-source saturation voltage for long-channel device, Vps ., = Ysu—@8— VsB
Vbs, \' Ohmic/saturation smoothing function, see Appendix A.2

VEB \Y Flat-band voltage
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Description

Flat-band voltage of gate-overlapped source/drain extension

Effective gate-bulk bias, Vi = Vg — Vs

Gate-source (X = §) or gate-drain (X = D) voltage

Characteristic voltage of channel length modulation, see Section 3.6.1
Threshold voltage

Voltage between terminal i and j

Oxide voltage in gate-overlapped source/drain extension, Vo, = —Qoyv/ Cox
Oxide voltage in gate-overlapped source or drain extension

Oxide voltage in intrinsic channel region, Vix = Qg/Cox

Effective channel width

Mask or drawn channel width

Factor of the weak—avalanche current, see Section 4.1

Exponent of the weak—avalanche current, see Section 4.1

Factor of the drain—source voltage above which weak—avalanche occurs, see Sec-
tion 4.1
Frequency

Channel conductance, g = it - W - Qiny

Output conductance, ggs = dIp/d Vps

Transconductance, g, = dlp/dVgs

Substrate transconductance, g, = dIp/0d Vas

Reduced Planck constant, i = 1.05458 - 10~3Js

Boltzmann constant, kg = 1.3806226 - 107J/K

Body-effect factor of bulk, kg = +/2 - q - €s; - Na/Cox

Body-effect factor of source/drain extension, koy = /2 - q - €si - Nov/Cox
Body-effect factor of polysilicon gate, kp = /2 - g - €s; - Np/Cox
Parameter for (short-channel) subthreshold slope, mg = mg — 1
Parameter for short-channel subthreshold slope, mg = 1 + my
Free electron concentration, n = Ny - exp(( — ¢ — V) /dr)
Intrinsic carrier concentration, n; = 1.45 - 10'°m=3 at T = 300K
Free hole concentration, p & Ny - exp(—v{/¢r)

Elementary unit charge, ¢ = 1.6021918 - 10~1°C

Gate oxide thickness, see Fig. 2.1

Carrier velocity

Saturation velocity

Lateral, transversal and orthogonal coordinates, see Fig. 2.1
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Description

Approximate function for impact of holes in the inversion region, see eq. (2.14)
Inversion-layer charge density difference, A Qiny = Qiny, — Oy,

Increase in effective gate bias due to DIBL, see Section 3.2

Increase in effective gate bias due to static feedback, see Section 3.6.2
Surface potential difference, Ay = g, — ¥,

Factor of channel length modulation, see Section 3.6.1

Gain factor, 8 = g - Cox - W/L

Dielectric permittivity of silicon, e€s; = 1.0447720 - 10~ 1°F/m

Dielectric permittivity of SiO,, €ox = 3.4531438 - 10~!''F/m

Effective field parameter for dependence on Qj,y and Qgep, see Section 3.3.1
Coefficient of series resistance, 0g =2 - B - Rg,

Numerator of gate bias dependent part of Rg, see Section 3.4

Denominator of gate bias dependent part of Rg, see Section 3.4

Coefficient of self-heating, see Section 3.6.3

Coefficient of mobility reduction due to phonon scattering, see Section 3.3.1

Coefficient of mobility reduction due to surface roughness scattering, see Sec-
tion 3.3.1
Velocity saturation parameter, g, = o/ (Vsar - L)

Carrier mobility

Low-field bulk mobility

Exponent of field dependence of mobility model, see Section 3.3.1
Surface potential at onset of strong inversion, ¢g = 2 - ¢g
Intrinsic Fermi potential, ¢g = ¢r - In(Na/n;)

Thermal voltage, ¢r = kg - T'/q

Electrostatic potential with respect to neutral bulk
Average surface potential, i = (Vs +rs) /2

Surface potential in polysilicon gate, see Fig. 2.3

Surface potential, see Fig. 2.3

Surface potential at source or drain side

Surface potential in gate overlap region, see Fig. 2.6
Surface potential in weak inversion, see eq. (3.13)
Drain-induced barrier-lowering parameter, see Section 3.2
Static-feedback parameter, see Section 3.6.2

Angular frequency, o =2 -7 - f
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1 Introduction

Since its introduction in the 1960s, MOS transistor technology has been subject to a ceaseless de-
crease in transistor dimensions and resulting progress in performance. The decrease in transistor
dimensions has allowed for an exponential increase with time in the number of components per chip
and in operation speed. Furthermore, the downscaling of MOS technology has led to the on-going
integration of many different functions, both digital and analogue, on a single chip. Nowadays, the
realization of very complex and high-speed circuits in CMOS technology is the order of the day.
The growth in circuit complexity has made indispensable the use of computer-aided simulation tools
which allow the circuit designer to predict and optimize circuit behaviour before the circuit is realized
in silicon, so-called circuit simulators. Circuit simulators contain mathematical models for the quan-
titative description of the terminal behaviour of the circuit elements as a function of bias conditions,
temperature, and device geometry. The above models are often referred to as compact models, and
they are a critical link in the translation of CMOS process properties into IC performance. Evidently,
the benefit of a circuit simulator depends heavily on the accuracy of the compact models used, on the
other hand the models should be as simple as possible in order to limit circuit simulation time. Con-
tinuity, accuracy, scalability, and simulation performance are basic requirements for such a compact
MOSFET model.

Generally three different types of compact models can be distinguished: physics-based models, em-
pirical models and table look-up models. In the first type, the model equations are analytical expres-
sions which have been derived directly from device physics. In the second type, the relations are
of a curve fitting nature, and in the last type, the characteristics are reconstructed via tables of mea-
sured data. The latter two types offer little physical insight in contrast to the physics-based model,
which makes use of physical significant parameters that allow for statistical modelling and that obey
well-defined geometrical and temperature scaling rules. As a consequence, most compact MOSFET
models in existing circuit simulators are physics-based models. These models include MOS Model 9
(MMD9) [1], the BSIM4 model [2] and the EKV model [3].

Within Philips, MM9 has been the compact model of choice since the early 1990s. However, with the
continuous downscaling of CMOS technologies, the demands on compact MOS models have become
more and more stringent. Modern CMOS technologies are not only suitable for digital and analogue
but also for RF applications. A compact model should thus be accurate for RF as well as for digital
and analogue design. In addition, new physical effects come into prominence with technology down-
scaling. The model should accurately describe all the important physical effects of modern and future
technologies. Unfortunately all existing models (including MM9) fail to satisfy the above demands,
and as a result, a new compact MOS model has been developed over the past years, called MOS
Model 11 (MM11) [4]-[17], the successor to MM9. The new MM11 fulfills all of the demands for
advanced compact MOS models as discussed in the following Sections.

1.1 Vr-Based versus v/;-Based Models

In MOS modelling, the transition region between subthreshold and superthreshold behaviour, often
referred to as the moderate inversion region, has traditionally received little attention. As the supply
voltage is scaled down to lower values with CMOS downscaling, however, this region becomes an
increasingly larger fraction of the overall logic swing in digital circuits. Furthermore, in analogue and
RF design, MOSFETs are typically biased in this operation region around threshold. An accurate and
physical description of the moderate inversion region is thus essential.

Conventional models such as, e.g., BSIM4 and MM9 are based on the formulation of threshold volt-
age Vr [1, 2, 18]. These so-called Vr-based models have been developed using regional approxima-
tions which are joined together by suitable smoothing functions over the moderate inversion region,

©Koninklijke Philips Electronics N.V. 2003 1
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Figure 1.1: Vr-based models such as BSIM4 and MM9 make use of regional approxima-
tions for the drain-source channel current Ipg in the subthreshold (Vgs < V)
and superthreshold region (Vgs > Vr) (dashed lines). These approximations
break down around threshold (i.e., Vgs = V). In order to circumvent this prob-
lem, the approximations are joined together by suitable smoothing functions
over the transition region. These mathematical smoothing functions have no
physical basis.

see Fig. 1.1. With the increasing importance of the moderate inversion region, this type of model
relies more on the mathematical smoothing functions and less on the physics-based approximations
in the subthreshold and the superthreshold region. This has led to the current trend of increasing
model complexity and an increasing number of parameters. Some newer models are not based on
Vr formulations but on inversion charge Qj,, formulations [3, 19, 20], so-called Q;,,-based models.
These models, nevertheless, still use a more or less empirical description of the moderate inversion
region.

Over the years, in an attempt to increase the physical content, especially in the moderate inversion
region, the focus has gradually shifted from Vr-based (and Qj,y-based) models to charge-sheet mod-
els based on the formulation of surface potential ¥, [21]-[31]. These so-called /s-based models are
inherently single-piece and give a physics-based and accurate description in all operation regions.
Unfortunately, these models require an iterative solution of surface potential, which is generally con-
sidered to be computationally expensive. This is undesirable for circuit simulation, and as such it is
a drawback of ¥;-based models. Nowadays, nevertheless, it is felt that the extra computation time is
worth the return in accuracy. New models in the public domain, still under development, such as the
HiSIM model [22]-[25] and the SP model [27]-[31] are /;-based models.

MM11 is based on v, formulations. In addition, MM11 makes use of a suitable explicit approxima-
tion of ¢ which reduces computation time and still preserves accuracy [9].

1.2 Demands for Analogue and RF Design

Analogue and RF design typically require an accurate description of not only currents and capaci-
tances but also of the small-signal behaviour, the noise behaviour and the distortion behaviour. Espe-

2 ©K0ninklijke Philips Electronics N.V. 2003
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Figure 1.2: In a typical amplifier structure, a sinusoidal input signal Vg results in a distorted
output signal /p containing the ground harmonic (HD1) as well as undesired
higher-order harmonics (HD2, HD3,. . .) due to the non-linear dependence of I
on Vgs.

cially the latter has received little attention, and is thus a special point of interest. Another point of
interest for analogue and RF design is the drain-source symmetry of the MOS model.

Distortion Modelling: The distortion behaviour of a MOSFET in an amplifier structure is illus-
trated in Fig. 1.2. In circuits using balanced topologies, even-order harmonics can be reduced by
about 40dB. As a result, the 3"-order harmonic forms a lower limit for the total distortion [32]. A
compact MOS model should thus accurately describe the drain current and its higher-order deriva-
tives (up to at least 3"-order), MM11 has especially been developed for this purpose. As a result,
compared to other compact models, MM11 contains improved expressions for mobility reduction [5],
velocity saturation and various conductance effects [6, 7]. This improved model gives an accurate
description of distortion at both low and high frequencies [10], see Fig. 1.3.

0] ecr— ] I ———
of & HD1 or  # HD1
_107 7 HD2 f=16MHz _10 f=1GHz
B o a v measurements _ o a v measurements
=20 20 MOS Model 11

harmonic power (dBm)

MOS Model 11

harmonic power (dBm)

:38 BSIM3 MM9 :38 BSIM3 MM9
0. 0.51.0 1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Vs (Volt) Vs (Volt)
(a) (b)

Figure 1.3: Measured and modelled harmonic distortion as a function of dc gate bias Vg of
a 16 x 10/0.35um n-type MOSFET in 0.35m technology at (a) low frequency
(f = 16MHz), and (b) high frequency (f = 1GHz). (Vps = 3.3V, Vsg = OV
and P, = —5dBm)

Drain-Source Symmetry: For applications where the MOSFET is used as a gate-controlled resis-
tor [32], the model should be symmetrical with respect to source and drain at zero drain-source bias

©Koninklijke Philips Electronics N.V. 2003 3
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Figure 1.4: The use of a non-symmetric model description with respect to drain and source
at Vps = 0, such as used in conventional models such as MM9 and BSIM4, will
result in (a) a kink in the conductance gqs (i.e., dIps/d Vps) and (b) discontinu-
ities in the higher-order derivatives at Vpg = 0. In MM11, care has been taken
to preserve symmetry.

(i.e., Vps = 0) in order not to give erroneous results. In most MOS models, the expression for channel
current /pg has been derived for Vpg > 0, and source and drain are simply interchanged internally
when Vpg < 0. In a typical MOSFET structure, however, the choice of source and drain is arbitrary,
in other words, the device is symmetric with respect to source and drain when Vpg = 0. This should
be reflected in the channel current expression, i.e., the same expression multiplied by —1 should be
obtained if drain and source are interchanged.

Typical Vr-based models are intrinsically asymmetrical since the threshold voltage is defined at the
source side only. This asymmetry leads to discontinuities in the higher-order derivatives of channel
current at Vpg = 0, see Fig. 1.4, which is undesirable in applications where the MOSFET is used
as a gate-bias controlled resistor. Care has to be taken in the derivation of the model expressions to
preserve symmetry [6, 26], this has been done in MM11 [6, 7], see Fig. 1.4.

With respect to drain-source symmetry, it should be pointed out here that models are often mistak-
ingly classified as being source-referenced or bulk-referenced [33], where the former is supposed to
be aymmetrical and the latter symmetrical. Source-referenced models make use of Vis, Vps and
Vsp as independent variables, whereas bulk-referenced models make use of Vg, Vpg and Vsg. It
will be clear that any bulk-referenced model can be converted to a source-referenced model by re-
placing Vg and Vpg by Vigs + Vsg and Vpg + Vsg, respectively. In other words, all advantages
of a body-referenced model (such as, e.g., drain-source symmetry) can be carried over to a corre-
sponding source-referenced model or vice-versa. As a consequence, it is misleading to talk about
source-referenced and bulk-referenced models, and it makes more sense to talk about symmetrical
and asymmetrical models.

1.3 Important Physical Effects:

The electrical behaviour of realistic MOSFETs deviates considerably from the ideal MOSFET be-
haviour owing to the influence of various physical effects. These effects have to be accurately taken
into account in a compact MOS model. Traditionally, most models incorporate physical effects such
as mobility reduction, bias-dependent series resistances, velocity saturation, drain-induced barrier
lowering, static feedback, channel length modulation, self-heating and impact ionization. As modern
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Figure 1.5: Basic structure of an n-type MOSFET, where all the most important electrical
quantities are indicated: the nodal currents (Ip, Is, Ig and Ig), the channel
current (I/pgs) and various charge densities (Qiny, Op and Q).

CMOS process technology scales down to sub-100nm dimensions, however, certain physical effects,
which did not affect circuit design before, become important. With the downscaling of gate ox-
ide thickness, the gate poly-depletion effect becomes increasingly important. In addition, the gate
tunnelling current is no longer negligible, and quantum-mechanical quantisation effects become im-
portant. Furthermore, the use of pocket implants in order to reduce short-channel effects does affect
the electrical behaviour of MOSFETs. For short-channel devices, the input capacitance is dominated
by the overlap capacitances, which are bias-dependent. All of the above effects should be taken into
account in an advanced compact model, they have been implemented in MM11 [12, 13, 14].

1.4 Outline of Report

In a MOS transistor, we can distinguish three regions: i) the intrinsic channel region, ii) the gate/source
and gate/drain overlap regions, and iii) the drain/bulk and source/bulk junction regions. It should be
pointed out that MM11 only provides a model for the intrinsic channel region and the (gate/source
and gate/drain) overlap regions. Junction charges, junction leakage currents and interconnect capac-
itances are not included. They are covered by separate models, which are not treated in this report.
This report aims at giving a comprehensive physical derivation of the model equations used in MOS
Model 11, Level 1101 [17]. These equations make use of electrical or miniset parameters, which are
valid for a device with a specific geometry and a specific temperature. Since most of these parameters
scale with geometry and with temperature, the process as a whole is characterised by an enlarged set
of scaling parameters, the maxiset. These scaling parameters can be linked to the electrical parame-
ters by physics-based geometrical and temperature scaling rules. In theory, these scaling rules can be
based on physical relations. In practice, however, it is found that the use of semi-empirical scaling
rules result in a more accurate and robust description. As a result, in this report, we will only focus on
the derivation of the model equations based on miniset parameters. The geometrical and temperature
scaling is left out of consideration here.

The MM11 equations give a description of all transistor-action related quantities: nodal currents,
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nodal charges and noise-power spectral densities. Before relations can be derived for these quantities,
we need to derive expressions for surface potential and important electrical quantities such as charge
densities, see Fig. 1.5. This is done in Chapter 2. Next, we focus our attention on the steady-state
(or dc) behaviour of MOSFETs. For ideal MOSFET operation, both bulk current and gate current are
considered zero, and as a result, the drain-source channel current determines the MOSFET behaviour,
see Fig. 1.5. The channel current and all the phenomena that affect it, are discussed in Chapter 3. For
realistic devices, however, the bulk and gate current are not zero, and the modelling of these currents
is treated in Chapter 4 and 5, respectively. In Chapter 6, we turn our attention towards the dynamic
behaviour of MOSFETsS, which is described in terms of quasi-static nodal charges. Finally, we derive
the expressions for the noise-power spectral densities in Chapter 7.

The treatment of MOS device physics in this report is rather concise in some parts, the interested
reader is therefore referred to [34]-[36] for a more in-depth discussion. Furthermore, it will be clear
that outlining the physical background of MM11 asks for numerous derivations. In order to keep the
report readable, the more elaborate derivations are given in separate Appendices.

6 ©K0ninklijke Philips Electronics N.V. 2003
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2 MOSFET Basics

As the name Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) suggests, the MOS tran-
sistor consists of a semiconductor substrate on which a thin layer of insulating oxide (SiO,) of thick-
ness fox is grown. A conducting layer (metal or heavily doped silicided polysilicon) called the gate
electrode is deposited on top of the oxide. The basic structure of an n-type MOSFET! is shown in
Fig. 2.1. The p-type doped silicon region, commonly referred to as the bulk or substrate, is contacted
via the bulk contact. Two heavily n-type doped regions of depth X, called the source and the drain,
are formed in the substrate on either side of the gate. The gate overlaps slightly with the source and
drain regions. The region between the source and drain junctions is called the channel region, which
has a length L (in the x-direction) and a width W (in the z-direction). Due to the manufacturing toler-
ances the mask length/width differs slightly from the final gate polysilicon length/width, furthermore
the lateral under diffusion of the source and drain junctions also has its effect on the actual channel
length/width. As a result, both L and W may differ from the actual mask dimensions, L, and
Wask» and the gate overlaps both the source and drain extensions, the so-called overlap regions.

Figure 2.1: The basic structure of an n-type MOS transistor.

When a voltage Vg is applied between the gate and the bulk, the band structure near the Si-SiO,
interface is changed. For the moment, we assume source and drain are grounded (Vsg = Vpg = 0), in
this case three different situations can be distinguished (in the channel region): accumulation, deple-
tion or weak inversion and strong inversion, as is shown in Fig.2.2. Note that the gate overlap regions
behave differently than the channel region.

For negative or very low gate voltage values, holes are attracted to the surface and a thin layer with
a positive charge, a so-called accumulation layer, is formed. With increasing gate voltage, the band
bending becomes less, until at a distinct gate voltage value no band bending occurs. This is called the
flat-band voltage Vgg.

Beyond this point, the band bending is opposite to the accumulation condition, a negative charge is
being built up. In effect, the positive voltage at the gate will repel the holes from the silicon surface

'With the appropriate change of signs for charge and potential, the following also holds for p-type devices which are
fabricated with an n-type doped substrate or a p-type doped substrate with an implanted n-well.
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Figure 2.2: The charge distribution and the corresponding energy-band diagram along the
indicated dashed line (in y-direction) in an n-MOSFET for the three operation
conditions: accumulation, depletion or weak inversion and strong inversion.

and thus expose the negatively charged (immobile) acceptor ions. This charge is called the depletion
charge. Since holes are depleted at the surface, it is referred to as the depletion condition.

When Vg is increased still more, the downward band bending becomes stronger. In fact, the band
bending may cause the midgap energy &; to cross over the constant Fermi level &, see Fig. 2.2. In this
case, the surface behaves like an n-type material as opposed to the original p-type material, hence the
name inversion region. A conducting layer with a negative (mobile) charge Qj,y, a so-called inver-
sion layer, is formed. This layer shields the underlying silicon from the gate potential, and as a result
the band bending does not extend deeper into the silicon after the (strong) inversion layer has been
formed.

The inversion charge can be contacted via the source and drain region, and a current, the so-called
channel current, will flow through the inverted area when a potential difference Vpg is applied be-
tween drain and source. Since the inversion charge depends heavily on the gate potential, the gate can
be used to control the current through the channel.

In this chapter the so-called surface potential, on which MM11 is based, will be introduced and
treated in depth, and expressions based on surface potential formulations will be derived for the
charge densities and other important quantities such as electric fields. Since MM11 not only takes into
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Figure 2.3: (a) The energy-band diagram (in transversal direction) of an n-MOSFET for
Vog > Vg, where v 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-¢). (b) The surface potential as a function
of gate bias for different values of quasi-Fermi potential V (as calculated from
(2.7) with mg = 1).

account the intrinsic MOS region (where the channel is formed) but also the extrinsic MOS regions
(i.e., the gate-source and the gate-drain overlap regions), this Chapter is split up in two Sections. First
the surface potential and the charge densities in the intrinsic region are treated in Section 2.1, and next
the same is done for the extrinsic regions in Section 2.2.

2.1 Intrinsic Region

In this Section we will discuss the formulation of surface potential in a typical MOS structure (Sec-
tion 2.1.1), followed by a description of the various important charge densities and electric fields
(Section 2.1.2).

2.1.1 Surface Potential

In order to be able to calculate electrical quantities such as currents, charges and noise, we first start
off with the definition of surface potential. The surface potential v is defined as the electrostatic
potential at the gate oxide/substrate interface with respect to the neutral bulk (due to band bending,
see Fig. 2.3 (a)). For the moment, it is assumed that the gate is ideal and no depletion occurs in the
polysilicon (i.e., ¥, = 0 in Fig. 2.3 (a)). In this case, the surface potential ¥ can be calculated using
the following derivation.

In the p-type substrate, a space charge p(x, y) is present [35]:

px,y)=q [px,y) —n(x,y) — Nal (2.1
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where N, is the net acceptor doping concentration. The electron and hole density, n and p, are given
by Maxwell-Boltzmann statistics:

n(x’ y) ~ NA - exp (‘p(x)y')*q‘;r(x)*z'd)F)

22)
p(x.y) % Na-exp (—L520)

where v is the electrostatic potential with respect to the neutral bulk and ¢ (= kg-7'/q) is the thermal
voltage. The intrinsic Fermi potential ¢ (as shown in Fig. 2.3 (a)) is defined by ¢t - In(Na/n;), and
V (x) denotes the electron quasi-Fermi potential, which ranges from Vgp at the source side (x = 0) to
Vpp at the drain side (x = L). The Poisson equation for the electrostatic potential i is written as:

P&, y)
€si

Vi =

(2.3)

In order to obtain an approximate analytical solution of (2.3), usually the assumption is made that
0% /x> <« 3% /dy*. This is called the gradual channel approximation, which is valid for long-
channel devices. The Poisson equation can now be rewritten as:

9y q-Na 14 Y-V —¢p
Ere [l mow (‘a) e <—¢T ﬂ 24

where ¢g = 2 - ¢r. As boundary conditions both i and dyr/dy are taken to be equal to zero deep
in the neutral bulk. Using 3%y/dy*> = 1/2 - 3(dv/dy)?/dy, the total charge Q, per unit area in the
semiconductor can be obtained from Gauss’ law:

_ oy
Qs =6si- 35
y=0

= ko - Cox - \/Ws +¢r- [CXP (—ﬁ) — 1] + ¢t - exp (—%) . [exp (ﬁ) — 1]

where C,y is the gate oxide capacitance per unit area given by €,x/#,x, and k is the body factor given
by /2 - q - €s; - Na/ Coy. In the above equation, a new parameter mg has been introduced in order to
take into account short-channel effects as will be discussed in Section 3.2. For the time being, mg is
taken to be its theoretical value of 1. The charge density Qs is negative for Vgg > Vg (i.e., inversion)
and positive for Vgg < Vgp (i.e., accumulation).

Applying Gauss’ theorem at the oxide interface, the above charge can also be related to the applied
gate bias:

Qs = —Cox - (VSB - WS) (2.6)

(2.5)

where the effective gate-bulk bias V3, is given by Vgg — Vgg. Equating (2.5) and (2.6), an implicit
relation for v5(Vgg, V) is found:

Vs — s\ Vs V + s Vs
() = oo o () = roron (50 oo (575) e

The surface potential 1, cannot be solved analytically from the above relation, and thus it has to be
solved iteratively. In Fig. 2.3 (b), the surface potential y is given as a function of applied gate bias
for different values of quasi-Fermi potential V. Three distinct regions of operation can be observed,
the accumulation region (i.e., Y5 < 0 and V3, < 0), the weak-inversion or depletion region (i.e.,
0<vys<¢gp+Vand0 < Vi < ¢g + V + ko - /¢s + V) and the strong-inversion region (i.e.,
Vs> ¢p+ Vand Vig > ¢+ V +ko- /P + V).
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Figure 2.4: (a) The surface potential 1/, (as given by (2.10)) and (b) the total charge density
Qs (as given by (2.8)) as a function of gate bias V; for an ideal gate, i.e.,
Np — oo (solid line), and for a polysilicon gate with Np = 5 x 10®m~3
(dashed line). (n-MOS, V =0, Ny =2 x 10%m™>, 1,y = 3.2nm and ms = 1)

Poly-Depletion Effect: In practice, the polysilicon gate is not an ideal conductor. The use of a
polysilicon gate in modern technologies results in an unwanted effect, the so-called poly-depletion
effect [37, 38]. For high values of normal electric field, a depletion layer is not only formed in
the silicon substrate but in the polysilicon gate as well, resulting in a potential drop i, across the
polysilicon depletion layer (i.e., the electrostatic potential at the gate/gate-oxide interface with respect
to the neutral gate, see Fig. 2.3 (a)). As a consequence, the above-derived relations become inaccurate.
The poly-depletion effect particularly affects the MOS C-V -characteristics [38], and has to be taken
into account. According to Appendix B.1, the total charge density Q becomes:

Qs = —Cox - (VE;kB —Ys — vfp) (2.8)
where the potential v, is given by:

0 for: Vi <0

vy = i 2.9)
(\/VSB—WS+kp2/4—kp/2> for: Vip >0

where ki, is the gate body factor given by /2 - ¢q - €s; - Np/ Cox and Np is the net donor doping con-
centration in the polysilicon gate. Including poly-depletion, the implicit relation for surface poten-
tial (2.7) can be rewritten as:

% 2
(VGB—II/S—%> — Y+ - [exp (_z_) _1] (2.10)

ko
V+¢B 'S/fs
* Pr-exp (_mS'¢T> . [exp <m5'¢T> B 1}

The influence of poly-depletion can be seen in Fig. 2.4, where the surface potential /5 and the total
charge density Qg are shown for an ideal metal gate (i.e., Np — 00 and consequently v, = 0) and
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for a typical poly-silicon gate. It is clear that, although it hardly influences the surface potential,
poly-depletion reduces the charge density in the strong inversion region and, as a result, it will affect
the currents and the capacitances in the MOSFET.

The implicit relation (2.10) for surface potential can only be solved iteratively, which is generally
considered to be computationally expensive. This is undesirable for VLSI circuit simulation, and as
such it is a drawback of ¥;-based models. Nevertheless, these days it is felt that the extra computation
time is worth the return in accuracy. Moreover, it is possible to reduce the computation time by using
a suitable approximation of v [9, 29]. In MM11, an approximate explicit solution of surface potential
is used, see Appendix C, resulting in no increase of computation time as compared to MMO.

Quantum-Mechanical Effects: For modern CMOS technologies, the use of a thinner gate oxide
tox and higher channel doping N, leads to very high normal electric fields at the Si-SiO, interface.
As a result, quantum-mechanical effects start to play a role [39, 40], and the above calculation of
surface potential no longer holds [37, 41, 42]. Consequently, the above-derived relation (2.10) is
no longer accurate and a modified relation has to be used, see Appendix D. Generally speaking,
quantum-mechanical effects result in an effective increase in intrinsic Fermi potential ¢ and in an
effective (bias-dependent) increase in oxide thickness. Since the former can be taken into account by
adjusting certain model parameters (such as ¢g), only the latter effect is taken into account in MM11.
See Appendix D for a more in-depth discussion of quantum-mechanical effects.

2.1.2 Charge Densities

In general, electrical quantities such as currents, charges and noise can be written in terms of the
surface potential at the source side ¥, (x = 0) and at the drain side ¥, (x = L), which can both
be calculated from (2.10) using V = Vgg and V = Vpg, respectively. In order to calculate electrical
quantities, a distinction has to be made between the mobile electron charge supplied by the source
and drain, i.e., the inversion layer charge density Qj,y, and the immobile charge modulated by the
bulk, i.e., the bulk charge density Q. In order to calculate Q;,, we need to integrate the electron
density n along the y-direction. Unfortunately this does not result in an analytical expression, and
an approximation is thus needed, see Appendix E. Since the inversion layer in general is much less
thick than the depletion layer, it can be assumed that its thickness can be neglected. This concept is
commonly referred to as the charge sheet approximation [44]. Under this assumption, no potential is
dropped across the inversion layer and, according to (E.5), Oy can simply be written as:

|Qb|=Cox-ko-\/¢s+¢T-[eXP <—ﬁ> —1} 2.11)
ér

In the accumulation region (Vi < 0), Oy, is positive and equal to the accumulation charge density,
and in the inversion region (Vg > 0), it is negative and equal to the depletion charge density. The
inversion layer charge density Qj,, becomes:

Qinv = Qs - Qb = —Cox - (VG*B - ws - wp) - Qb (2.12)

Since the inversion layer charge is negligible in the accumulation region and the influence of holes is
marginal in the inversion region, Qj,, can be approximated by:

0 for: Vi <0
Qiny = (2.13)
—Cox - [ Vi = Vs = ¥p —ko - VUs + Bace | for: Vi > 0
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Figure 2.5: The inversion-layer charge density Q,y, the bulk charge density Qy and the gate
charge density Q, plotted as a function of gate bias Vj; on a (a) linear and (b)
logarithmic scale. (n-MOS, V. = 0, Ny = 2 x 10%m™3, t,, = 3.2nm and
ms = 1)

where A, is a simple function of V5, which approximates the influence of holes in the inversion
region, see Appendix C:

Agee = b1 - [exp <—Acc- ‘:;B> — 1} (2.14)

T
Here, Acc is defined as:

1
vngo_ L +ko /N2 r

Ay

Acc =

(2.15)

Using (2.5) and the above approximation A, we can also write for Qj,, (for Vi, > 0):

_V+e _Us_
Qinv = _kO : COX ’ |:\/ws + Aacc + ¢T e ms.lpf}r ' I:emS"pT B 1] v 1//S + Aacc:| (216)

The gate charge density Q, is simply given by —Qjyy — QOy:

Cox - (VC’;B — Ws) for: Vig <0

Qg =Cox - (VGB — s — 1z”p) = c.. [ 2. (Vi) (2.17)

1/ 144 /kp?- (Vg — V)

} for: Vg > 0

The charge densities Qjny, Oy and Q, are shown in Fig. 2.5 as a function of gate bias V3. In accumu-
lation, the accumulation layer and consequently both |Q,| and |Qy| as well increase approximately
linearly with V(5. In weak inversion, the depletion layer increases only weakly with Vg, and as a
result both Q, and Qy, are only weakly dependent on V3. On the other hand, Qj,, is very small, but
increases exponentially with V{%;. Finally, in strong inversion, the depletion layer is shielded off from
the gate by the inversion layer, and consequently Qy, is approximately independent of V3, whereas
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| Qiny| increases almost linearly with V.

Care has to be taken to preserve drain-source symmetry in the model expressions [6, 26], see Sec-
tion 1.2. In order to preserve symmetry, the linearisation of quantities such as currents and charges
should be done with respect to the average surface potential v instead of the source or drain poten-
tial [6, 7, 30]. The average surface potential ¥ is defined as:

j=Yut¥s 2.18)
2
In addition, we can define the surface potential difference A:
AY =Yy — Py, (2.19)
A first-order Taylor polynomial of (2.13) around ¥/, = ¥ results in (for Vig > 0):
Qinv ~ Qinv - Cinv : (vfs - Jf) (220)

where the average inversion-layer charge density Qj,, is given by:

T 2'(V§B_‘Z)

Oinv = Qiny (Vs =¥) = —Cox - — — ko ¥+ Awc | (22D
1 +\/1 +a4/kp? - (Vi — )

and
0 Qinv 1 k()
Ciny = — = —Cox - — + = (2.22)
s L=y JUH4/ke? - (Vag = 0) 2 VY + e
In addition, we can define the inversion-layer charge difference A Qjyy:
AQinv = QSL - Qso = —Cip - AK// (2.23)

The gate charge density Q, can be approximated in a similar way, taking a first-order Taylor polyno-
mial of (2.17) around s = :

0y~ Qy — Cy - (Y5 — V) (2.24)
where:
Cox - (Vg — V) for: Vg <0
0:=0: (Vs =v) = | [ o ] e (2.25)
| 1144 (Vi) - "GB
and
Cox for: Vig <0
= zif V=Y B Cox - [ L :| for: Vi > 0 e
Sl v el B
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The bulk charge density Qy, is now simply given by:

Ob=—0s — Qinv ~ Ov — Cp - (¥, — V) (2.27)
where:
Qb = Oy (Ws = 1&) = _Qg - Qinv (2.28)
and
IO
Cp = — =—C, — Ciny 2.29
b aws %:& g ( )

In addition to the above charge densities, we will define here some other important quantities such as
the transversal electric field in the gate oxide E:

E, = % (2.30)
GOX
and the transversal electric field at the Si/SiO,-interface Eg;:
Egi = % (2.31)
€si

which are important in the calculation of gate current.

From a physical point of view, it makes sense to use charge densities and electrical fields in the deriva-
tion of expressions. In the MM11 equations [17], however, for convenience’s sake most variables are
written in terms of voltages. The above-mentioned quantities can be translated into MM11 (auxiliary)
variables. The average surface potential v in (2.18) is equal to ¥;,, in MM11. The inversion layer
charge density Qj,y in (2.13) corresponds to the effective gate drive Vi, in MM11:

Qinv
Vg, = — 2.32
Gr Co (2.32)
and equivalently:
> Qinv
Vg, = — 2.33
Gr Co (2.33)
The average gate charge density Qg in (2.25) translates into V,, in MM11:
0,
Vox = 2.34
o= o (2.34)
And finally, the quantities C;,y and C, are translated into & and &, respectively:
Cinv
= —¢r- 2.35
§ ér Co (2.35)
b = pre (2.36)
ox T C .

=]

X
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Figure 2.6: (a) The gate/source or gate/drain overlap region in an n-MOSFET can be ap-
proximately treated as an n*-gate/oxide/n™-bulk MOS capacitance where the
source or drain, respectively, acts as a bulk. (b) The corresponding energy-band
diagram (in transversal direction) of the gate overlap region for Vgx > Vggoy,
where ¥ is the surface potential and v, is the potential drop in the gate due
to the poly-depletion effect.

2.2 Extrinsic Region

In this Section, we will discuss the formulation of surface potential in the gate/source and gate/drain
overlap regions (Section 2.2.1), followed by a description of the charge densities and other important
quantities (Section 2.2.2). In the following general derivation, we denote the source or drain terminal
by X. In order to keep the derivations manageable, the gate overlap region is treated as an n™-
gate/oxide/n " -bulk MOS capacitance where the source or drain acts as a bulk, see Fig. 2.6. Although
the impurity doping concentration in the n"-source/drain extension region is non-uniform in both
lateral and transversal direction, it is assumed that an effective constant donor doping concentration
Nov can be defined for this structure, resulting in an effective flat-band voltage Vgp,, and body factor
koy (= /2 -q - €s; - Noy/Cox). Since the source/drain extension is highly n-type doped, Vigoy & 0
and koy > k.

For Vgx > Vrgov, @ negatively charged accumulation layer is formed in the overlapped n*-extension
and a positively charged depletion layer is formed in the overlapping gate, whereas, for Vgs < Vegoy, @
positively charged depletion layer is formed in the overlapped n " -extension and a negatively charged
accumulation layer is formed in the overlapping gate.

2.2.1 Surface Potential

According to Appendix B.2, assuming that only accumulation and depletion occur in the overlapped
n*-region?, the implicit expression for the surface potential v, in the source region is given by:

2
(VGX — VEBov — ¥poy — Ww) — Y+ [exp (&) _ 1] (2.37)
koy ! o1

2Since the source/drain extension has a very high doping concentration, an inversion layer in the overlap region will
only be formed at very negative gate bias values Vgx. This effect has been neglected, see Appendix B.2.
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Figure 2.7: (a) The surface potential ¥, (as given by (2.37)) and (b) the total charge density
O,y (as given by (2.38)) as a function of gate bias Vgx — Vggoy for an ideal gate,
i.e., Np — oo (solid line), and for a polysilicon gate with Np = 5 x 10*m~>
(dashed line). (n-MOS, V = 0, Noy = 1 x 10°m3, t,x = 3.2nm and mg = 1)

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

0 for: Vox < Veov

Wpov =

2
(\/ Vax — Visoy — Y, + kp* /4 — kp/ 2) for: Vox > VeBov

The surface potential in the overlap region v is plotted as a function of gate bias in Fig. 2.7 (a).
It is clear that, as is the case in the intrinsic region (see 2.4 (a)), poly-depletion hardly affects v, .
Again the surface potential ¥, , can be explicitly approximated along the same lines as described in
Appendix C.

2.2.2 Charge Densities

The gate overlap regions may contribute significantly to the total gate current, the gate-induced drain
leakage, and the total gate capacitance. In order to be able to calculate these electrical quantities, we
need an expression for the charge density in the overlapped source/drain extension Q,y, given by (see
Appendix B.2):

Qov = _Cox : (VGX - VFBOV - l;0pov - WSOV) (238)

—Cox  (Vox — ViBov — Vs,,) for: Vox < Vrgov

- 2-(V(;x—VFBov_1//S )
—Cox - = for: Vax > Vimo
X 1+\/1+4/kp2~(VGXfVFan*‘/fsov) '

and for the voltage across the oxide V,, (from gate to source/drain), simply given by:

Vov = _Qov/Cox (239)
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Note that V,, given above corrsponds to the same variable used in MM11.

The charge density O,y can be seen as a function of gate bias in Fig. 2.7 (b). It is clear that, although it
hardly influences the surface potential, poly-depletion reduces the charge density in the accumulation
region and as a result it will affect the overlap capacitance in the MOSFET.
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3 Channel Current Modelling

In this Chapter, a general expression for the channel current /pg based on surface-potential formu-
lations will be developed. Starting with an expression for the ideal drain current in Section 3.1,
the attention will be subsequently focussed on the subthreshold region (subthreshold slope and drain-
induced barrier lowering) and on the modelling of physical effects such as mobility reduction, velocity
saturation, series resistance, and conductance effects (channel length modulation, static feedback and
self-heating) in Sections 3.2 through 3.6. Finally, the impact of pocket implants on channel current
will be briefly discussed in Section 3.7.

3.1 Ideal Channel Current

For the calculation of the current that flows from drain to source, the so-called channel current Ipg,
it is assumed that the hole current as well as recombination/generation can be neglected. In the ideal
case, it is furthermore assumed that there is a current flow in the x-direction only. In other words, the
bulk current /g and gate current Ig are zero. The channel current can simply be written as [43, 44],
see Appendix E.1:

dv

Ips =—u-W- Qi - e 3.1

where w is the carrier mobility. Based on the charge sheet approximation, making some further
assumptions (see Appendix E.1) the channel current can be approximated by [44, 45, 46]:

Ips = ILuise + Laifr (3.2)

where I4,ir and Igr denote a drift and a diffusion current, respectively:

oY
laiek = —p- W Qiny - a—s (3.3)
X
0 Qinv
L = pu-W-or- (3.4)
ox
From the above equations it is clear that 0V /dy/, can be written as:
aVv 9 Qiny ¥
_ o9 00 Qi (3.5)
81”5 Qinv 81”5 Qinv
where the variable Q7  is defined as:
* 0 Qinv Sk 7
Qinv = Qinv - ¢T . 810 = Qinv + ¢T . Cinv = Qinv - Cinv . (vfs - l/f) (36)
S
Here, Q;"nv corresponds to VG*T in the MM 11 expressions (\_/G*T = —Q;"nv / Cox), and it is simply given
by:
O = Qiny + 1 - Ciny 3.7

Since the mobile charge density Qjyy is only non-zero in the inversion region, we will concentrate on
the condition V3, > 0 for the calculation of Ipg. Considering that Ips is constant along the channel
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Figure 3.1: (a) The calculated surface potential at the source (/) and the drain (v, ) side,
and (b) the corresponding channel current Ips (= g + lairr) as a function
of effective gate bias V. (n-MOS, B = 140uA/V?, Npo = 2 x 10%m~3,
Np — 00, tox = 3.2nm, Vpg = 1V and Vsg = 0V)

(i.e., dIps/dx = 0), and integrating (3.1) from the source end of the channel (x = 0) to the drain end
(x = L), using (3.5), we can calculate the channel current:

Vs

w
Ips = _f / - Qi*nv ’ dws (3-8)
Vs

Assuming for the moment that the mobility w is constant along the channel (i.e., © = o), the above
integral can be solved, resulting in:

05

w -
Ips = —jo - — - Oy - AY = -8 C
[0).4

- AW (3.9)

where B is the so-called gain factor given by o - Cox - W/L. Using (3.7), we can again make a
distinction between a drift component:

Qinv

Lyise = —PB C
0ox

N (3.10)

and a diffusion component:

Cinv A Qinv
o V=5 ¢r o

Ligg = —P - o1 (3.11)
The channel current and its components have been plotted as a function of gate bias in Fig. 3.1. At low
gate bias, both source and drain are in weak inversion. In this bias region, the so-called subthreshold
region, the channel current is mainly due to diffusion. On the other hand, at high gate bias, the source
is in strong inversion, and the drift component is dominant. This bias region is commonly referred
to as the superthreshold region. In the transition region between subthreshold and superthreshold
both drift and diffusion are of importance, this region is often referred to as the moderate inversion
region [34].

The channel current and its components have been plotted as a function of drain bias in Fig. 3.2.
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Figure 3.2: (a) The calculated surface potential at the source (v,) and the drain (¥, ) side
as a function of effective gate bias V3, for various values of drain-source bias
Vps, and (b) the corresponding channel current Ing (= Iqg + Laifr) as a function
of drain-source bias Vps. (n-MOS, B = 140uA/V?, Ny = 2 x 10%m~3,
tox = 3.2nm, Vi =2V and Vsg = 0V)

Here the MOSFET is biased in the superthreshold region, and consequently the source is in strong
inversion. At low drain-source bias Vpg, the drain is in strong inversion as well. As a result, Ay
is approximately equal to Vpg and the channel current Ipg increases almost linearly with Vpg. In
this case, the MOSFET acts as a (gate-bias dependent) resistor between drain and source, and as a
consequence, this bias region is referred to as the ohmic or linear region. At high Vpg, the drain is in
weak inversion. The surface potential at the drain v, is pinned to a value independent of Vpg, and as
a consequence, Ipg becomes independent of Vpg as well. In other words Ipg saturates for Vpg above
a certain saturation voltage Vps_, ., hence the name saturation region for this bias region. Saturation
occurs when the channel at the drain side is pinched off, i.e., the inversion-layer charge density at
the drain Qj,, approaches zero’. In the superthreshold region, the saturation voltage Vps,, . can be
calculated by approximating v, by ¢g + Vsg + Vps,,., at the onset of saturation. As mentioned
above, in the saturation region v, is pinched at its weak-inversion value Vg, see Appendix C, and
as a result we can simply write:

VbSgee = Vsat — ¢B — Vsp (3.12)

where ¥, is given by (C.10), repeated here for completeness’ sake:

2

\/PD : (VSB + Aacc) +k02/4 _k0/2

wsat = PD - Aacc (3 1 3)

where Pp = 1 + (ko/kp)?. Note that ¥, is independent of Vpg.

The description of channel current Ipg derived in this Section is only valid for an ideal long-channel
MOS transistor. In order to get an accurate description for practical devices, several physical effects
have to be taken into account: short-channel effects in subthreshold such as drain-induced barrier

3In reality, however, as Qjpy, approaches zero, the lateral electric field —ds/dx increases to very high values resulting
in a breakdown of the gradual channel approximation and the occurrence of velocity saturation, see Section 3.3.2
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Figure 3.3: Measured (symbols) and modelled (lines) harmonic distortion in drain current
Ip (see Fig. 1.2) for a sinusoidal input signal (vy, = 0 - sin(2 - 7 - f) with
f = 1kHz) applied to (a) gate terminal (0 = 50mV) as a function of dc gate
bias Vgs n-MOS, W/L = 10um/lum, Vps = 0.1V and Vsg = 0.0V) and
(b) drain terminal (0 = 0.5V) as a function of dc drain bias Vpg (n-MOS,
W/L = 10um/1um, Vgs = 2.5V and Vsg = 0.0V). The modelled results are
obtained with MM 11. The various physical effects that determine the distortion
behaviour in different regions of operation are indicated.

lowering (DIBL), mobility effects such as mobility reduction and velocity saturation, the influence
of series-resistance and conductance effects, such as channel length modulation, static feedback and
self-heating. In MOS Model 11, special attention has been paid to the implementation of the above
effects so that an accurate description of distortion behaviour is obtained, see Fig. 3.3%. In addition,
the implementation requires special attention with regard to drain-source symmetry as well. In the
following Sections, the above-mentioned physical effects will be discussed.

3.2 Subthreshold Current

The diffusion current Iy, given by (3.11), is dominant in the subthreshold region, where both g,
and v, are approximately equal to v, see Fig. 3.1. This implies that even a very small error in the
values of ¥, and v, will result in a large relative error in the difference Ay on which (3.11) relies.
The above difficulty can be circumvented by rewriting Qj,, in (2.16) to:

ko Cox- g exp (~18) - [exp (757 ) 1]

Oinv = (3.14)
\/¢5+Aacc+¢T'eXp (_%) : [exp (#) - 1]+ vfs"i_Aacc
which corresponds to variable Vi,, in the MM11 expressions (Viyy = —Qinv/Cox). The diffusion
component /4 can now simply be written as:
Qinv - Qinv
L =B - ¢pr - ——— (3.15)
Cox

4The phenomenon of impact ionisation will be treated in Section 4.1.
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so that simply assuming both v/, and /, are equal to v, in the subthreshold region leads to accurate
results. An approximate expression of the subthreshold current reads:

Ios ~ —L- o ko - exp (_stat — Yo ¥ ¢B) - [1 — exp (— Yo >] (3.16)
2. v 1;0sat + Aacc msg - ¢T mg - ¢T

which clearly shows that Ipg has an exponential dependence on ¥, and consequently on Vgg, and
that the influence of drain bias Vpg is only noticeable at very low values of Vpg. A value V)i above
which the subthreshold Ipg hardly changes with Vg can be defined, the saturation voltage. Its choice
is a bit arbitrary but Vj;,; has been chosen to be equal to 4 - ¢r.
In short-channel devices, the gradual channel approximation no longer holds, i.e., 3%v/dx? is no
longer negligible w.r.t. 8%1//dy%. As a result the subthreshold behaviour starts to deviate from the
ideal long-channel behaviour, this is ascribed to so-called short-channel effects. These effects result
in an increase in the so-called subthreshold swing and an increase in the channel current Ips with
Vps, which cannot be explained by the long-channel expression (3.16). The latter effect is commonly
referred to as the drain-induced barrier lowering (DIBL) effect.

Subthreshold Swing: An important measure in subthreshold is the subthreshold swing Sqyine, de-
fined as the change in gate bias Vg required to reduce the subthreshold Ipg by one decade [36]:

IV, I
_ 8B ~n(10) - 28 (3.17)
d log (Ips) 8m

swing —

The subthreshold swing gives a measure for how much one can decrease Ipg by decreasing the gate
bias. Using (3.16) and assuming the change in 1/+/¥g, + Aaec With Vg is negligible with respect to
the exponential dependence of Ips on Vgp, we can write for Sqying:

Vg
0Ysat

In the ideal case, mg = 1 and the subthreshold swing is determined by 0V, /0 Vs, see Fig. 3.4.
As can be seen, the subthreshold swing is bias dependent and always higher than In(10) - ¢ ~
60mV/decade (at room temperature). In short-channel MOSFETS, however, S, has been found
to considerably exceed the ideal Sgyine, Which is due to the breakdown of the gradual channel ap-
proximation. An analytical calculation of the subthreshold behaviour in the short-channel case is
complicated, but, as (3.18) indicates, an increase in Sgyin, can be empirically incorporated by using
parameter mg (ms > 1), see Fig. 3.4.

sting = 111(10) : ¢T cms - (3.18)

Drain-Induced Barrier Lowering: For short-channel devices in subthreshold, an increase in drain
current with drain-source bias Vpg is empirically observed that cannot be explained by the long-
channel current expression (3.16). This effect is called drain-induced barrier lowering (DIBL) [47].
It is often explained by the fact that, as Vpg increases, the drain depletion region moves closer to the
source depletion region, resulting in a significant field penetration from the drain into the source. Due
to this field penetration, the potential barrier at the source is lowered, resulting in an increased injec-
tion of electrons by the source, giving rise to an increased drain current. The effect is schematically
shown in Fig. 3.5.

In conventional Vp-based models, DIBL is often modelled by a linear decrease in threshold voltage
AVr,, with Vps. In -based models, however, it is more convenient to replace the gate bias Vg by
an effective gate bias Vg + AVg,,,, where AVg,, is positive and equal to AVr, .

Different models have been developed to calculate the DIBL effect [48]-[50]; these models concen-
trate on the calculation of the surface potential minimum and translating this in an effective decrease
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Figure 3.4: The simulated subthreshold swing Sgyine (as given by (3.17)) as a function of
gate bias for the ideal (long-channel) case (ms = 1.0) and for the non-ideal
(short-channel) case (ms = 1.4). (n-MOS, B = 140uA/V?, Ny =2x10Pm 3,
Np — 00, tox = 3.2nm and Vpg = 1V)
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Figure 3.5: Surface potential 1 as a function of position along the channel for a MOSFET
biased in the subthreshold region. Only channel length L and drain bias Vpg are
varied. The effect of drain-induced barrier lowering (DIBL) is indicated. DIBL
results in an increase of minimum s with Vpg at constant Vg, it is important
for short-channel transistors.
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of threshold voltage. A pseudo two-dimensional analysis [48] predicts an exponential dependence
of AVg,,, on channel length, whereas the voltage doping transformation [49, 50] predicts a 1/L2-
dependence. Especially the latter model appears to give accurate results. Here, the substrate doping
concentration Ny is replaced by an effective concentration Neg [49]:

2. €sj - V]SkS
Negp = Np — ﬁ (3.19)
where
Vis =Vos+2-(Voi—¢B) +2 -/ (Voi — d8) - (Vbs + Voi — ¢)
(3.20)

~2-Vps+4-(Voi —¢B)

Here, V,; is the built-in potential between the n*-type source/drain extension and the p-type substrate,
given by ¢ - In (NA - Ny /niz), and N is the source/drain-extension doping concentration. Note that
Vs consists of a Vps-dependent part and a Vps-independent part. Introducing (3.19) in the description
of ko, we can calculate the change in threshold voltage A Vr [49, 50]:

*

Ne éi-V
AvT:ko-\/vswasB-(l — “) ~ ko - v/Vsp + ¢p - ——DS (3.21)

Na q-NA~L2

The threshold voltage difference consists of a Vpg-independent part and a Vpg-dependent part. The
former gives a channel length dependence of threshold voltage, and typically results in a sharp de-
crease in threshold voltage for short-channel MOSFETs, the so-called Vr roll-off. In MM11, this has
simply been taken into account in the length scaling of body factor k( and intrinsic potential ¢g. The
Vps-dependent part of the above AVris DIBL, and we can write for AV,

2-€si- Vps
AVGgy = AVrgy =ko - v/ Vs + ¢5 - —q N. L2 = ogibl - v VsB + @B - Vbs (3.22)

where oy;p 1S a channel length dependent empirical parameter. Note that, at higher back bias values
Vss, the influence of the DIBL effect becomes more important.

It should be noted that in a compact model the denotations S and D are interchanged for Vpg < 0V,
and as a result AVg,,, given by (3.22) is effectively dependent on the absolute value |Vpg|. In other
words, when using (3.22), symmetry with respect to source and drain at Vpg = 0 V is not preserved.
Realizing that the influence of DIBL is only noticeable at high drain bias, we can replace Vpg in (3.22)
by an effective drain-source bias Vpg,,:

Vi Vos' (3.23)
DSeft = 32 .
(Vimit® + Vbs?) !

The above expression has been chosen in such a way that 3'AVg,,,/dVps' = 0 at Vps = 0 V up to
i = 3. As aresult, it ensures continuity of Ipg at Vps = 0 V up to the third-order derivative.

3.3 Mobility Effects

Up till now, the expressions for the channel current have been derived under the assumption that the
carrier mobility in the inversion layer is constant. In reality, however, this is not true. Carriers in the
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channel undergo increased scattering with increasing fields when they move under the influence of
the normal electric field Ey (i.e., —9v/dy) and the lateral electric field Ey (i.e., —dy/dx) due to the
gate bias Vs and the drain bias Vpg, respectively. The dependence of mobility on normal electric
field is often referred to as mobility reduction, whereas the dependence on lateral electric field is often
referred to as velocity saturation.

3.3.1 Mobility Reduction

Although the mobility reduction model of MM11 has already been extensively treated in [4]-[7], in
this section, for completeness’ sake, a brief overview of the model derivation underlying the mobility
reduction model will be given. For a more extensive and general overview of inversion layer mobility,
the reader is referred to the large bulk of literature published on this matter [51]-[70].

In a MOSFET structure, the normal electric field restricts the channel to a sheet layer in which two-
dimensional confinement effects and scattering cause the mobility to depend on bias conditions. It
has been found that the inversion layer mobility follows a universal curve independent of the substrate
bias Vsg, the substrate impurity concentration N, or the gate oxide thickness #,, when plotted as a
function of the effective normal electric field E.g, defined by [54]-[62]:

_ Qb + n- Qinv
€si

Eer = (3.24)

In most papers for an inversion layer on a (100) oriented surface, n is taken to be 1/2 for electrons
and 1/3 for holes. Generally, however, 1 is dependent on device process technology (e.g., doping
profile, threshold voltage implant) [54], temperature [58] and surface orientation [62].

With the scaling down of MOS transistors towards the requisite deep submicron dimensions, which
involves the use of thinner gate oxide and higher substrate doping, the thickness of the inversion
layer becomes in the order of a few A, which is smaller than the De Broglie wavelength of the
carriers [40]. As a result, channel mobility has to be treated quantum-mechanically, [52, 55, 60].
Quantum-mechanical self-consistent calculations show that energy subbands of electrons and holes
are formed in the different energy valleys. The spacing of these subbands increases with increasing
normal electric field, see Appendix D. Actual modelling of scattering processes in the inversion layer
is very complex due to the quantum-mechanical nature of these processes and the fact that in most
cases more than one subband is filled. Therefore for mobility, a simplified semi-empirical approach
has been adopted. As has been done elsewhere [51]-[70], mobility can be described by considering
three mechanisms which dominate the scattering of charge carriers in the inversion layer at the Si-
SiO; interface, see Fig. 3.6:

Coulomb Scattering (uc): Charged centres near the Si-SiO, interface can be of the same charge
type as the mobile inversion charge leading to Coulomb repulsion. This results in scattering, which
is important for lightly inverted surfaces, high surface-charge densities or substrate doping concen-
trations, and less important for heavily inverted surfaces because of carrier screening. Empirically, it
was found that Coulomb scattering limited mobility ¢ is given by [61, 70]:

Qinv
Na

He X — (3.25)

It is obvious that Coulomb scattering is not governed by a universal relation on E., therefore at low
QOinv-values the universal law does not hold. The above type of scattering is mostly of influence in the
subthreshold region. Here, Ipg is dominated by the exponential dependence of Qj,, on gate bias, and
Coulomb scattering is therefore neglected for the purpose of this work.
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E eff

Figure 3.6: Electron mobility u as a function of effective normal electric field E.g on a dou-
ble logarithmic scale. Three scattering mechanisms which determine mobility
are indicated: Coulomb scattering (uc), phonon scattering (up,) and surface
roughness scattering (ig;).

Phonon Scattering (uph):  Surface phonons from the quantum vibrations of the crystal lattice scatter
the mobile charge carriers. Under the assumption that carriers in the inversion layer only occupy the
lowest subband, the mobility determined by acoustic phonon scattering is given by [60, 62]:

11/32 - Qi 3
[hph (_ / Q v+ Qb) (3.26)
€si
Experimentally, it was found for both holes and electrons that:
Hph O Eeri” /3 (3.27)

For electrons where n = 1/2 in (3.24), expression (3.27) deviates slightly from (3.26), which is as-
cribed to the fact that electrons occupy several subbands at intermediate values of E.gi [60]. The
assumption of single subband occupation in this case does not hold. The lowest hole subband com-
pared to the lowest electron subband quickly reaches a high occupancy at lower field strength.

Surface Roughness Scattering (ig): The interface between the silicon crystal and the gate oxide
is not atomically smooth. The above interface roughness scatters the mobile charge carriers. This
type of scattering is especially important under strong inversion conditions, because the strength of
the interaction is governed by the distance of the carriers from the surface; the closer the carriers
are to the surface, the stronger the scattering due to surface roughness will be. For electrons, it was
found experimentally that the mobility limited by surface roughness scattering 1 has the following
dependence on effective field:

Msr X Eeff_z (328)
For holes, on the other hand, it was found experimentally that:
Msr X Eeffi] (3.29)
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The difference between (3.28) and (3.29) for electrons and holes, respectively, is often ascribed to
the fact that, at high transverse fields, holes tend to congregate further away from the interface than
electrons do. The larger average distance leads to a reduced influence of the interface roughness and
thus to less surface roughness scattering for holes.

In theory the above-described mechanisms can be incorporated into one channel mobility ( iefr), using
Matthiessen’s rule:

1 1 1 1
I N (3.30)
Meft o st Mph

where p is the carrier mobility limited by ionized impurity scattering and acoustic phonon scattering
in the bulk material. Equation (3.30) leads to:

j I
et = 0 == (3.31)

1/3 Gm
U (G Een) o (0 Een)” ”

where 6, and 6 are empirical parameters, and n = 2 for electrons and n = 1 for holes. Strictly
speaking, Matthiessen’s rule is not valid, because it tacitly assumes that the momentum relaxation
times due to the different scattering mechanisms have the same energy dependence. In order to
correctly account for the various scattering sources, a weighted statistical averaging of the relaxation
times should be performed. In [4]-[7] it has been found experimentally, based on 3"-order distortion
measurements in the linear region, that a more accurate description of mobility reduction is given by:

Weff = G’uob = /I:O 7 for electrons, (3.32)
mol v 2-v
1 + [(9;}1 . Eeff) + (eg*r . Eeff) j|
and:
Mo Ho
= = for holes. 3.33
Meff Gt /v ( )

v/3 v
[1 + (6 Eer)  + (6 - Een) ]

In the above two equations, v = 2 at room temperature. Note that both (3.32) and (3.33) are variations
on the Matthiessen’s rule based expression (3.31), which goes to say that they both reproduce the
Eo " '/3 dependence at low values of E.¢ and the E.g " at high values of Eg.

For an accurate implementation of the mobility reduction effect in the channel current expression,
mobility p in (3.10) and (3.11) has to be replaced by g as given by (3.32) or (3.33) for n-MOS and
p-MOS, respectively. However, since the effective electric field E. is dependent on the inversion
layer charge density Qj,, and bulk charge density Qy, both E.; and p.g are not constant along the
channel. As a result, the integrals in (3.10) and (3.11) cannot be solved analytically. For reasons of

simplicity, E.q is assumed to be constant along the channel at the average surface potential ¥, = ¥,
reducing (3.24) to:

Eur— — (O +€77 - Qinv) (3:34)
si
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Figure 3.7: Electron drift velocity v versus lateral electric field Ex on a double logarithmic
scale. The velocity is proportional to Ey at low E, and approaches a constant
value vy at high E,. This type of behaviour is generally referred to as veloc-
ity saturation. The empirical relations (3.36) and (3.39) for electron velocity
saturation are also shown.

X

The above method ensures preservation of drain-source symmetry at Vps = 0. In both (3.10)
and (3.11), we can now replace the constant mobility u( (incorporated in gain factor §) by the effec-
tive mobility peg:

B O
Gmob Cox

Ips = —

Ay (3.35)

where G ,0p is given by (3.32) and (3.33) in the case of n-type and p-type MOSFETS, respectively.
In order to obtain the MM11 expression for mobility reduction, we need to replace the effective field
Ei in (3.34) by an effective voltage V. = €s; - 17 - Eefr/ Cox. In addition, we can write for the MM11
mobility-parameters nyon = 1/7, O = 05/n - Cox/€si and O, = ;h/n - Cox/€s;i-

3.3.2 Velocity Saturation

With an increase in lateral electric field Ey, carriers gain sufficient energy to be scattered by optical
phonons, resulting in a decrease of mobility pe; and eventually resulting in the saturation of drift
velocity v. This limiting high-field drift velocity is referred to as the saturation velocity vg,. Ideally,
the carrier velocity can be described by e - Ex at low values of E and by v, at high values of Ej,
see Fig. 3.7. In most compact MOS models, the following empirical relation for velocity saturation
is used [71]:

Metf - 831/;:

s
ax

(3.36)
Heft

The use of this relation, however, does not result in a symmetrical description w.r.t. source and
drain (at Vpg = 0), and it furthermore does not give an accurate description of MOSFET distortion
behaviour [6, 7]. For a more accurate and symmetrical description of velocity saturation, an adjusted
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form of the Scharfetter-Gummel expression [72, 73] can be used [6, 7]:

31//;
v — Hheff - (3.37)

2 2
ue aws 24 Me s Reft | s
1+|: Ucﬂ-. /\/G vcﬁ' 8x> i|+(vsa[f BX)

where v, is a parameter corresponding to the velocity of the longitudinal acoustic phonons and G
is a fitting parameter. Equation (3.37) is valid for both electrons and holes; the second term in the
denominator describes the hole velocity behaviour (i.e., ftegr/vso & O for holes):

31/&
= feft for holes (3.38)

2
M_ % 2 4 Merr L0
1 vC /\/G Ve Bx)

whereas the third term describes the electron velocity behaviour (i.e., peg/v. = 0 for electrons):

Mefr * %
v = for electrons (3.39)

2
eft | Vs
\/ 1+ (“—ff . 3)
For the moment, let us concentrate on the influence of velocity saturation on Ipg in n-MOSFETs.
Using (3.39), we can rewrite eqgs. (3.2)-(3.4) to:

per W- Q% Y

2 0x
ot , s
\/ 1+ (% - W)
The above differential equation can be solved analytically, which results in an implicit relation for

Ips, see Appendix F.1. Here, however, we will use a simplified yet accurate method to solve (3.40).
Integrating from source to drain, we can rewrite (3.40) to:

0 IﬂsL
Ips - / \/ Left Wg) cdx = —plegr - W - Oy - dvg (3.41)

Usat Vs

Ips = — (3.40)

where the integral in the right-hand side has already been solved in Section 3.1. The impact of velocity
saturation on Ipg can now be described by:

B O
Ips = — S Ay (3.42)
bs Gvsat Cox
where:
G 0
G = —22 - / \/ el ws) - dx (3.43)
L Usat

A first-order approximation of the integral in (3.43) can be obtained by assuming that the lateral
electric field —d;/dx is constant along the channel and equal to Ayr/L [6, 7, 26]. In this case, G gy
is simply written as:

Grsat =y Gona? + (Oua - AP (3.44)

30 ©K0ninklijke Philips Electronics N.V. 2003



Unclassified Report Physical Background of MOS Model 11, Level 1101 April 2003 — 2003/00239

Ay (V)

Figure 3.8: Velocity saturation expression G, as a function of potential drop A for var-
ious values of 6g,. Solid lines and dashed lines indicate results given by (3.44)
and (3.45), respectively. For the sake of implicity, the influence of G, has
been neglected, i.e., Gyop = 1.

where parameter O, is equal to 4o/ (vsy - L) in theory, but is considered as an empirical parameter for
practical puproses. The above description of velocity saturation has been found to give an accurate
description of drain-induced third-order harmonic distortion [6, 7]. Still, a slightly better approxima-
tion of (3.43) is obtained by assuming that the lateral electric field —dv/dx increases linearly along
the channel from 0 at the source to 2 - Avy/L at the drain (i.e., —9v,/dx = 2 - Ay/L? - x). In this
case, Gy 1S given by:

In (F +m)

G
Gvsat = mob S V1I+ r?2 +

3.45
7 T (3.45)
where:
2. - A
Po 20w Y (3.46)
Gmob

In Fig. 3.8, the difference between (3.45) and (3.44) is shown. It is clear that the difference is only
marginal, nevertheless, the use of (3.45) results in a slightly better description of transconductance at
high drain bias. In addition, it has been found empirically that a further improvement in accuracy can
be obtained by replacing (3.46) by:

_ 2. Gsat : AW
LY Gmob

r (3.47)

which results in a slightly different gate bias dependency. In MM11, the channel current expression
including velocity saturation is given by (3.42), where the electron velocity saturation expression is
given by (3.45) and (3.47).

©Koninklijke Philips Electronics N.V. 2003 31



2003/00239— April 2003 Physical Background of MOS Model 11, Level 1101 Unclassified Report

For p-type MOSFETs, we have to use (3.38) instead of (3.39). In this case, the integration along the
channel is less straightforward. For simplicity’s sake, we approximate (3.38) by:

s
V= Heft ' 5 for holes (3.48)

2 2
eff | 0Ps Ay
L (e 5) /\/Gz+(‘$—f'7)

and as a consequence, for holes we can simply use (3.45) where:

2 O - A
= CAY (3.49)

VG- [G2 4 02 - Ay2]

Here, parameter O, is equal to wg/(v. - L) in theory, but is considered as an empirical parameter for
practical purposes. Parameter G has been found to be of minor influence, and is taken equal to 1.

In other words, the n-type MOSFET equations can simply be used for a p-type MOSFET when 6,
is replaced by O,/ (1 + Oy - AY?)1/4,

In very short-channel devices, the channel length may become comparable to the mean free path of the
carriers, the carrier transport may become quasi-ballistic and as a result, carrier velocity may locally
reach a value larger than the saturation velocity vg,. This effect is called velocity overshoot [74]. In
this case, the maximum velocity vy, becomes dependent on the device structure, particularly on the
channel length L [75]. Consequently, the channel length dependence of parameter 6, will differ from
the theoretical 1/L-dependence. As a result, a more robust length-scaling relation is used for 6, in
MMI11 [17].

A more physical way of modelling the quasi-ballistic transport would be to use a scattering matrix
based model [76]. However, this seems to be important only for very short channel lengths (L <
10nm) [76], and has therefor so far been left out of account in MM11.

3.4 Series Resistance

The source and drain junction portion of a MOSFET are parasitic components. These n™-p-junction
region form a resistive and a capacitive element. Since source and drain are an essential part of the
device, these parasitic elements cannot be eliminated. The capacitive element is taken into account in
the junction diode model (JUNCAP), and as a consequence, attention will be focused on the resistive
element. In general, the resistive element of the source/drain junction is assumed to be caused by
a contact resistance, the sheet resistance of the heavily doped source/drain diffusion region and a
spreading resistance due to current crowding. In this case, the element can be modelled by a constant
resistance, which is inversely proportional with channel width W, although the above proportionality
may no longer hold for narrow-width MOSFETsS [77].

As the drain current may reach large values, especially for short-channel devices, the voltage drop
across the source and drain series resistance is no longer negligible and has to be taken into account.
The effect of the source and drain resistance Rs and Rp, respectively, on the channel current can be
taken into account by using the equivalent circuit given in Fig. 3.9. From a viewpoint of computational
efficiency, however, this is not a good solution, since two additional nodes per transistor have to be
used in this case for circuit simulation. As a consequence, it is much more practical to include
these resistances directly into the MOSFET device equations without adding additional nodes. Under
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Figure 3.9: Equivalent circuit for a MOS transistor taking into account source (Rg) and
drain (Rp) series resistance.

the assumption that source and drain resistance are equal (i.e., Rs = Rp), the general drain-source
channel current expression becomes, see Appendix G:

B O
Ipg = — LAY (3.50)
BT G Cox
where:
Gvsat + GR 4. GR/ Gvsat 2 2
Gor=—""-—-11 ]l—————  (Gysa™ — G 3.51
tot 2 + (G + GR)2 ( sat mob ) ( )
and:
Gr=—-2-B- 0;/Cox - Rs (3.52)

In addition, neglecting the influence of the diffusion component (i.e., Qi*nv ~ Qiy), We can write:

Gr = —0r - Qinv /Cox (3.53)

where 0y is a model parameter, theoretically given by 2 - 8 - Rs. The impact of source/drain resistance
is found in a reduction of the transconductance gy, and the device current driving capability.

In most compact MOSFET models, the series resistance is considered to be bias independent. In drain
engineered devices such as Lightly Doped Drain (LDD) MOSFETsS, however, the source and drain se-
ries resistance depends heavily on drain and gate bias’ even for moderately doped junctions [80, 81].
For a correct description of distortion behaviour, this bias dependence has to be implemented in the
drain current expression [5]. As can be seen in Fig. 3.10, the series resistance in the drain/source
region consists of four components: a contact resistance R.,, a sheet resistance Ry, a spreading re-
sistance R, due to current crowding in the vicinity of the channel end, and an accumulation layer
resistance R,.. [81]. In modern MOSFETs, both the sheet resistance Ry, and the spreading resistance
Ry, are quite small due to the use of silicide. The accumulation layer resistance Ry is due to over-
lap of the polysilicon gate on the drain/source region, where an accumulation layer is formed. The
accumulation layer charge density Q,, increases with increasing gate voltage, this results in a gate
voltage dependent resistance R,.. The contact resistance, sheet resistance and spreading resistance
are independent of terminal voltages and can be written in terms of the device parameters; they are,

5Sometimes both series resistance and channel length are considered to be bias dependent [78], where the latter is the
result of the channel broadening effect [79]. Since it is not possible to distinguish the series resistance from this broadening
effect, here channel length is assumed to be constant and all bias dependency is included in the series resistance.
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Figure 3.10: Schematic diagram showing current pattern in the source/drain region of a
MOS transistor and the representative resistance components, consisting of
a contact resistance R, a sheet resistance Ry, a spreading resistance Ry, due
to current crowding in the vicinity of the channel end, and an accumulation
layer resistance R, [81].

furthermore, inversely proportional to channel width W. The complete gate-voltage dependent source
resistance Rg can roughly be given by [82]:

9R1
Rs=Rg, - [1+ —2 (3.54)
GRZ - Qinv/ Cox

where Ry, is the bias-independent part of the series resistance inversely proportional to W, and param-
eters Or; and Oy, determine the bias-dependent part. Using the above expression, we can rewrite (3.52)
into:

Or1 > Qi (3.55)

Gr = —6r - (1 + =
9R2 - Qinv / Cox Cox

where 6 is now equal to 2- 8- Rs,. Finally, the MM11 expression for series resistance can be obtained
by replacing — Qiny/ Cox by Vi,

3.5 Saturation Voltage

The calculation of surface potential so far has been based on ideal MOSFET operation, in which case
the channel at the drain end pinches off when 5, = ¥, in other words when the inversion-layer
charge density at the drain Q;,, approaches zero®. Above threshold, this corresponds to an ideal
drain-source saturation voltage Vps, . = Vs — ¢8 — Vsg. This so-called pinch-off behaviour is
automatically included in a y;-based model. For short-channel devices, however, the description of
pinch-off is no longer realistic, owing to the fact that carriers reach velocity saturation even before
the pinch-off condition is fulfilled. Furthermore, part of the drain-source voltage is dropped across
the series resistances at both drain and source side, which has its effect on saturation voltage as well.
In the non-ideal case, the saturation voltage Vpg,, may thus deviate significantly from the ideal case

In reality, however, as Qjpy, approaches zero, the lateral electric field —dvs/dx increases to very high values resulting
in a breakdown of the gradual channel approximation and the occurence of velocity saturation, even for an infinitely long
device.
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Vbs...- The saturation voltage Vpsg,,, is derived in Appendix H and is given by (H.17).
For the calculation of surface potential v , the difference in saturation voltage (i.e., Vps,, — Vbsgo)
can be taken into account by clamping the drain-bulk voltage Vpp at an effective drain-bulk voltage
Vbs, + Vsg [26]. Here, Vg, is a function which changes smoothly from Vpg in the ohmic region (i.e.,
for Vps < Vps,,) to Vps,, in the saturation region (i.e., for Vps > Vps,,,). The smooth transition from
ohmic to saturation region can be obtained by using the smoothing function Vpg, as defined in [26],
see Appendix A.2:

Vos, = — 08" VDS (3.56)

[VDsz'm + VDssatz-m]m

where m is an empirical fitting parameter which determines the smoothness of the transition. In
practice, m is taken equal to 8 for a long-channel device (i.e., L = 10um), equal to 2 for a minimum
channel length device (i.e., L = Lp,), and 1/m is taken to scale linearly with channel length L. The
surface potential at the drain end v, can now simply be evaluated from the implicit relation (2.10)
by replacing V by Vps, + Vsg.

3.6 Effects on Conductance

As was mentioned in Section 3.5, the transistor is in the saturation mode for a drain voltage Vpg
larger than Vpg . Here, the drain end of the channel is weakly inverted as opposed to the source end,
resulting in a channel current Ipg that ideally is independent of drain voltage and a conductance g
(= 0Ips/dVps) that is equal to zero. As the inversion layer charge density Qjny, at the drain end
becomes very small, the lateral electric field Ey increases to very high values owing to the continuity
of current flow. This results in a saturation of carrier velocity and a breakdown of the gradual channel
approximation at the drain end. Hence, two-dimensional effects such as channel length modulation
and static feedback become apparent at the drain end, and as a result the channel current becomes
dependent on drain voltage and the conductance g4; becomes non-zero. Another phenomenon that
results in a non-zero conductance in saturation, is self-heating.

In typical MOSFET amplifier structures, the MOS transistors are biased in saturation, and the am-
plification is determined by the ratio of transconductance over conductance g,/g4s- An accurate
modelling of conductance is thus essential.

3.6.1 Channel Length Modulation

When Vpg is increased beyond Vpg_,, the velocity saturation point moves towards the source, causing
effectively that the channel length L is shortened by a length AL. This movement is referred to as
channel length modulation’, and it effectively causes the conductance to be non-zero in the saturation
region. The so-called electrical channel length L. is given by:

AL
Le]ec =L- <1 - T) =L- GAL (357)

Replacing L by L. in (3.50) and (3.52), we can rewrite G, so that it includes channel length
modulation:

Gtot =

(Gysa> = Gon’ 3.58
2 (Gusar - GaL + Gr)> (Gusa” = Gmor') 539

7As a matter of fact, the definition of channel length modulation and saturation voltage Vpg,, is a consequence of the
use of the gradual channel approximation, i.e., a one-dimensional solution of a two-dimensional system.

Gvsat : GAL + GR . [1 + \/1 _ 4. GR/Gvsat
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An exact calculation of AL is needed, but this is not easily accomplished, since it requires a two-
dimensional solution of Poisson’s equation for the channel saturation region at the drain end. This
equation can only be solved using numerical techniques. Several methods have been proposed to
circumvent this problem, but nowadays the pseudo two-dimensional model [83] has been widely
accepted, since it has been shown to describe the channel length modulation accurately.

The pseudo two-dimensional analysis is based on the application of Gauss’ law to a specific area
at the drain end of the channel. Making some assumptions for this area the 2-D Poisson equation
reduces to a one-dimensional differential equation, which can be solved analytically. The analysis is
worked out in more detail in Appendix I. The channel length modulation can now be written as:

2
AL Vbs — Vbsg, + \/ (Vbs — Vbsw )™ + Wo?
Ga=1-"C=1—a-In
L Vp

(3.59)

where, in view of the numerous simplifications made to obtain this equation, « and Vp are considered
as empirical parameters, and « is inversely proportional with channel length L. As a result, o will
increase with decreasing channel length L, and the impact of channel length modulation will become
more important. A smooth transition from the ohmic region (where G o1 = 1) to the saturation region
can be obtained by replacing Vps_, in (3.59) by the smoothing function Vpg, :

2
Vbs — Vps, + \/ (Vbs — Vps,)” + W’
Vp

GALzl—Tzl—a-ln (3.60)

This is the expression for channel length modulation as used in MM11.

3.6.2 Static Feedback

When the average distance between the conducting drain and the channel becomes small, an increase
of the drain bias beyond saturation induces some excess mobile charge in the inversion layer. This
electrostatic coupling between drain and channel region is often referred to as static feedback [84]-
[87]. The increase of mobile charge can be estimated analytically by assuming that the field lines
originating from the drain follow a cylindrical path [85]. This results in a linear increase of Q;,, with
drain voltage Vpg, which is supported by two-dimensional device simulations [7]. This behaviour
cannot be explained by equation (2.13). However, abandoning the gradual channel approximation and
using again a pseudo two-dimensional analysis, the inversion layer charge Q;,, can be approximated
by [88]:
K - €si GRSV
Qinv(x) = —Cux- |:V§B - WS - Wp - kO Y WS + Agec + C— ' Xdep ' ﬁ:| (361)
OoX

where Xgep is the depletion layer width and « is a parameter determined by the distribution of
0%v/0x> over y. As the gradient of the electric field along the channel 3%1,/dx? is no longer
negligible, its inclusion in (3.61) leads to an increase of inversion-layer charge density A Qg with
increasing drain voltage Vps. The channel current should be calculated from (3.1) introducing (3.61).
Unfortunately, the resulting expression cannot be solved analytically, and as a result it is difficult to
give a quantitative description of the static feedback effect.
It has been found, though, that the above increase A Qg can be modelled by an increase in effec-
tive gate bias AVg, along the same lines as was done for the DIBL effect. The effective gate bias
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shift AVg,, is determined by AQys/Cox averaged along the channel. Empirically, it has been found
that AVg, is given by [6, 7]:

AVG, = 05 -/ Vbsy - Vbs X 0t * v/ VDSweo * VDs (3.62)

where, in theory, oy depends on oxide thickness, drain doping profile and substrate doping, but, in
practice, it is considered as an empirical parameter. Experimentally it has been found that oy, is
inversely proportional to the channel length L [86, 87]. Note that the effective gate bias shift AV
increases with gate bias.

Again, as in the case of the DIBL effect, the straightforward implementation of (3.62) would result
in the breakdown of the model symmetry w.r.t. drain and source (at Vpg = 0 V). In order to preserve
symmetry, Vps can be replaced by the effective drain-source bias Vpgs, given by (3.23). To some
extent, the static feedback phenomenon is similar to the DIBL effect, compare (3.22) and (3.62).
Nevertheless, physically it is different since mobile carriers are induced instead of modifying the
fixed depletion charge, therefore DIBL only occurs in the subthreshold region. Both effects can be
combined in a single gate-bias shift A Vg, which is determined by a transition from DIBL in weak
inversion to static feedback in strong inversion:

AVgy, fori AVgu, > AVg,
AVg = (3.63)
A VGSf for: A VGdib] <A VGSf

The above expression can be made C-continuous by using hyp-smoothing functions, see Appendix A.
DIBL and static feedback can now simply be taken into account by replacing the gate bias V in all
model equations by the effective gate bias Vg + A V.

3.6.3 Self-Heating

Although self-heating is more common in SOI devices, where conductance may even become negative
due to this effect, it may also significantly affect the channel current /pg in bulk submicron MOSFET's
at high gate bias. The effective working temperature 7 in the inversion layer increases linearly with
the dissipated power Py;s [89]-[91]:

T = Tymp + Rth - Puis (3.64)

where T, is the ambient temperature, and Rty is the thermal resistance of the device, dependent on
the device geometry®. The dissipated power Py is given by:

Pgis = Ips - Vps (3.65)

From (3.64), it is clear that an increase in drain bias results in an increase in intrinsic temperature,
which naturally influences all kinds of electrical parameters. The parameter which is mostly affected,
is the carrier mobility wo, while all other electrical parameters change much less with temperature.
The thermal dependence of mobility is given by [36]:

T \ "
uo(T)=uo(Tamb)-(T b) (3.66)

8In theory, the thermal resistance Ry, decreases with increasing channel area W - L
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where ng is different for electrons and holes and has a value between 1.5 and 2.0. Now, insert-
ing (3.64) into (3.66) and making a first-order Taylor-series, we get:

ng - Rn - Ips - Vps
1o(Vps) ~ o(Tamb) - (1 -2 T > (3.67)
amb
This equation can be incorporated into the channel current expression (3.50), using (3.58):
I‘LO(Tamb) . W/L . Q?‘nv : Avf . (1 - nﬂ’RT;'[]szVDS>
Ips = = Gusat'GAL+G 4.Ggr/G dmz N (3.68)
sl AL TR 2AL R, |:1 + \/1 - —(Gvsat'gAerG[R)z : (Gvsat - Gmob )J
which can be rewritten to a simple expression for Ipg:
B O
Ips = — == A 3.69
DS G Cox v (3.69)

Here, G, has been redefined so that it includes self-heating:

Gvsat : GAL + GR 4. GR/Gvsat 2 2
Gt = Gmn + 14+ 1= (Gysat” — G 3.70
tot Th D) |: \/ (Gysar - GaL + GR)Z ( sat mob ) ( )

The function G, describes the self-heating effect, and is given by:

Qi

OoX

Gth = —6m - “ Ay - Vps (3.71)

where Oy, is theoretically given by (g - Cox - W - ng - Rt/ Tamp but is more practically considered as a
geometry-dependent empirical parameter. From (3.69)-(3.71), it is clear that, like the effect of series
resistance, self-heating results in a reduction of transconductance, particularly at high drain and gate
bias. Finally, approximating Qi*m, by Qiny and replacing — Qiny/ Cox by variable VGT, we obtain the

expression for Gy, as used in MM11.

It should be mentioned here that the model for self-heating introduced above is quasi-static and is
therefore only valid for frequencies below 1/7r,. Here, 7ry, is the thermal relaxation time of the de-
vice, which is equal to (2 - 7w - Ry, - Cry)~', where Cry, is the thermal capacitance. The thermal
relaxation time 7y, is independent of device geometry, and is in the order of 10 to 100 ns. The above
self-heating model will thus be valid for frequencies up to approximately 10 to 100 MHz.

In most circuit simulators, thermal effects can be described by an external equivalent network consist-
ing of the thermal resistance Rty and the thermal capacitance Cry, in parallel. This network is driven
by the input Pys, which is calculated using the MOSFET model, and generates the output AT, which
is subsequently used in recalculating the channel current. In this way, the frequency dependency of
self-heating can be taken into account.

3.7 Impact of Pocket Implants

In present-day CMOS technologies, pocket implants are widely used to reduce short-channel effects
such as threshold-voltage roll-off and punch-through [92], see Fig. 3.11. These pocket implants are
regions of high doping concentration of the same type as the channel near the source and drain ex-
tensions. As a result, the impurity doping concentration at the Si/SiO,-interface is no longer uniform
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Figure 3.11: In modern MOSFETS, extra doping is implanted in the channel near the source
and drain extensions in order to reduce short-channel effects. These implants
result in regions of high doping concentration of the same type as the channel,
commonly referred to as pocket implants. The impurity doping concentration
N (x) (at the Si/SiO;-interface) is no longer uniform along the channel.

along the channel. Furthermore, as the channel length is decreased, the pockets occupy a relatively
larger part of the channel and consequently their impact increases. In other words, the average channel
doping Ny (= fOL Na(x) - dx/L) increases with decreasing channel length L. Since several physical
quantities such as charge densities, electrical fields and carrier mobility are dependent on the channel
doping, the use of pocket implants may affect the electrical behaviour of MOSFETSs considerably.
Pocket implants have been found to affect the threshold voltage [93, 94, 95], the output conduc-
tance [96, 97] and the mobility [98]. For a physical implementation of the impact of pocket implants,
we should solve (3.1) using a position-dependent channel doping N, (x). The resulting equation is,
however, not analytically solvable. In practice, it has been found that the model based on uniform
channel doping (as derived in this Chapter) still gives an accurate description for a device with a
specific geometry. This basically implies that the use of pocket implants merely affects the length
scaling of certain electrical parameters. The impact of pocket implants on threshold voltage can
therefore be taken into account in the length scaling of the body factor &y and the intrinsic potential
¢p. Furthermore, the impact on output conductance can be taken into account in the length scaling
of the DIBL parameter oy, the static feedback parameter oy and the channel length modulation
parameter «. Finally, the impact on mobility o can be taken into account in the length scaling of
the gain factor 8 [13]. As most conventional extraction methods of effective channel length L are
based on the assumption that 1 is channel length independent, the latter unfortunately means that
these methods are no longer valid for pocket-implanted devices [98]-[100]. New methods for effec-
tive channel length extraction, either based on capacitance measurements [ 13, 101] or on gate current
measurements [14, 102], have to be used.
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4 Bulk Current Modelling

Up till here, it has been assumed that the bulk current in a MOSFET is equal to zero. In the MOSFET
channel and overlap regions, however, a bulk current may be generated between drain and bulk or
between source and bulk due to the so-called effects of impact ionisation and gate-induced drain
leakage (GIDL). These effects will be discussed in this Chapter. In addition to the above effects, a
bulk current may be generated between gate and bulk due to tunnelling through the gate oxde. This
effect, however, will be covered in Chapter 5.

The drain-bulk and source/bulk n*/p-junctions act as diodes, and as a result they will also contribute
to the bulk current. As mentioned before, the steady-state and capacitive behaviour of these junctions
is not taken into account in MOS Model 11, but is taken into account in a separate junction diode
model JUNCAP instead. The bulk current due to junction leakage is thus left out of consideration in
this Chapter.

4.1 Impact Ionisation

For a MOSFET biased in saturation, the electric field E at the drain side may reach very high values.
In this case, electrons travelling through the channel from source to drain are accelerated and gain
so much energy that they can create extra electron-hole pairs by exciting electrons from the valence
band into the conduction band, see Fig. 4.1. The latter is commonly referred to as impact ionisation.
In this way, an avalanche of free carriers may arise and the initial flux of carriers is multiplied, until,
possibly, complete breakdown occurs. In a typical MOSFET, however, only low-level avalanche
multiplication or weak-avalanche occurs. Impact ionisation may result in a significant bulk current
Iz [103], assuming that all the generated holes are collected by the bulk terminal®. As a consequence,
the drain current [ is no longer equal to the channel current Ipg:

Ve
Vo

—o0— /—%
"Ds -ID Drain

-

IB/ p-type substrate

Figure 4.1: Schematic illustration of impact ionisation in an n-MOS transistor. Electrons
travelling through the channel from source to drain are accelerated and gain so
much energy that they can create extra electron-hole pairs by exciting electrons
from the valence band into the conduction band. The generated electrons and
holes are collected by the drain and bulk terminal, respectively.

9In practice, a large part of the generated hole current is collected by the bulk terminal and a small part recombines with
electrons which are supplied by the source terminal [7]. The latter part is neglected in this report.
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Ip = Ips + I “4.1)

The bulk current is formed by an avalanche current /,,;. For low-level avalanche multiplication, the
avalanche current can be expressed as [36]:

L
Lo = Is - / 0y - d 4.2)
0

where Ipg is given by the general channel current expression (3.69), and «, is the electron impact
ionisation coefficient per unit length. Since this coefficient is higher for electrons («,) than for holes
(ap), the effect of bulk current is more severe in n-channel than in p-channel MOSFETs. The impact
ionisation coefficient is a strong function of the lateral electric field £, [104]:

B;
oy = Aj - exp <_E_> (4.3)

X

where A; and Bj are called the impact ionisation constants. Due to the exponential dependence of
oy, on electric field, the impact ionisation will dominate at the position where the electric field is
maximum, i.e., at the drain end. Using a pseudo two-dimensional calculation, as was done for channel
length modulation in Appendix I, the avalanche current can be approximated by [36]:

b
Iavl ~ai- IDS - eXp <_E ) (44)
XL

where a; and b are parameters and Ey, is the peak value of the lateral drain field. In Appendix I, an
expression for Ey, is found that is approximately equal to (Vps — Vps,,,)/ lc. Where [; is a characteristic
length. Equation (4.4) can be rewritten to:

a
Iy = ay - Ips - exp <_V7V) 4.5)
ps — Vbsg

where a; = b - [.. The above approximation, however, is somewhat oversimplified and leads to
substantial errors. In practice, this deficiency can be corrected by modifying the voltage dependence
of Ey, with an experimental term (Vps — as - Vps,, )/ lc, in which a3 is a technology dependent fitting
parameter. The avalanche current now becomes:

0 for: Vps < aj - VDSsat
Loy = (46)
. . - % . .
ay - Ips exp ( VDS—a3'VDSSm) for: Vbs > a3 VDSsat
The use of a smoothing function is superfluous here, because I, and its higher-order derivatives go
to zero for Vps — a3 - Vps,,. The results of equation (4.6) are close to experimental data as can be
seen in Fig. 4.2.

Over the years, the constant downward scaling of device dimensions in CMOS technologies has re-
sulted in a reduction of gate oxide thickness 7.y, a reduction of junction depth X; and an enhancement
of channel implant N,. Up till about 1998, CMOS technologies were scaled down according to the
so-called constant-voltage scaling strategy, which meant that the supply voltage did not scale with
each technology generation [105]. For this strategy, the peak electric field increases with downscal-
ing of minimum channel length at comparable drain bias, and as a result the impact ionisation effect
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Figure 4.2: Measured (symbols) and modelled (lines) bulk current /g as a function of gate
bias Vs for different values of drain bias Vpg, using (4.6). (n-MOS, W/L =
10pem/0.5um, t,, = 5.0nm and Vsg = 0.0V)

becomes more and more important with each technology generation.

Since about 1998, however, CMOS technologies have been and continue to be scaled down according
to the so-called constant-field scaling strategy [105]. In this strategy, the supply voltage is also scaled
down with each technology generation, so that the lateral and transversal electric fields in the devices
remain approximately the same. For modern CMOS technologies, the supply voltage is so low that
carriers can hardly obtain energy enough to be able to ionise electron-holes pairs'®. As a result, the
effect of impact ionisation will no longer play an important role in modern and future CMOS tech-
nologies, and other effects such as junction leakage or gate-induced drain leakage will determine the
bulk current.

4.2 Gate-Induced Drain Leakage

When the MOSFET is in off-state, a significant leakage current flowing from drain to bulk can be
detected at a drain voltage much lower than the breakdown voltage [106]. This drain leakage current
is caused by the gate-induced high electric field in the gate-to-drain overlap region, and as a result it
has been named gate-induced drain leakage (GIDL). Since off-state leakage in MOSFETs is one of
the major issues for retention time degradation in dynamic random access memories (or DRAMs),
GIDL has been subject to intensive research [106]-[115].

The physical explanation of the GIDL phenomena is depicted in Fig. 4.3. For negative gate-drain bias
Vep, a depletion region is formed underneath the gate-to-drain overlap region and a high transversal
field is created in the depletion region. Electron-hole pairs are generated by the tunnelling of valence
band electrons into the conduction band (as indicated in Fig. 4.3 (b)) and collected by the drain and
bulk separately. The above-mentioned tunnelling can either occur via band-to-band tunnelling (BBT)
or via trap-assisted tunneling (TAT). Band-to-band tunnelling has a stronger dependence on electric
field than trap-assisted tunneling, and hence, it is generally assumed that the band-to-band tunnelling

101y 2 0.124m CMOS technology, for example, the supply voltage is 1.2 V, whereas the energy bandgap &g is approxi-
mately equal to 1.12 eV.
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Figure 4.3: (a) Cross-section of gate-drain overlap region, and (b) corresponding energy-
band diagram along the y-direction (as indicated in (a)). Electron-hole pairs
are generated by tunnelling of valence band electrons into the conduction band
resulting in a leakage current between drain and bulk. This effect is called gate-
induced drain leakage (GIDL), although the same effect can also occur at the
source side (gate-induced source leakage or GISL).

mechanism is dominant. Nevertheless, trap-assisted tunneling may become dominant for specific
conditions, such as low field and low temperatures [111, 112, 114]. Since the drain leakage current
is typically dominated by other phenomena (e.g., subthreshold current or junction leakage) for these
specific conditions, the influence of trap-assisted tunnelling is neglected in MOS Model 11.
According to Appendix J, the band-to-band tunnelling current density Jggt in the overlap region can
be approximated by:

B#
JBBT X EmVLz - exp (—%) 4.7
tovy,

where B, is considered as an empirical parameter, theoretically proportional to &% The maxi-

mum electric field Ey,,, at the Si/SiO;-interface in the overlapped drain extension consists of a (domi-
nant) transversal component (equal to Cox - Vi, /€si) and a lateral component empirically proportional
to Vpg. The maximum electric field E\,, can be written as:

Cox

= \/Vosz + (CapL - Vog)? 4.8)
Si

EtovL —
where Cgpy, is an empirical parameter. In most cases, the transversal component will be much larger
than the lateral component, consequently Cgipr. will be very small and Ey,,, is approximately equal
to the transversal field Cox - Vi, /€si- The total gate-induced drain leakage current /gipr. between drain
and bulk can be calculated by integrating Jggr over the total area of the overlapped drain extension.
Assuming that the maximum field E\,,, is constant over this area, we can simply write:

B#
IgipL K W - ALgy - Eiy, > - €xp (—ﬂ) (4.9)
EIOVL
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impact-
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Figure 4.4: Measured (symbols) and simulated (lines) drain and bulk current as a function
of Vis at high drain bias (Vps = 1.2V). GIDL becomes dominant for neg-
ative values of Vgg, it is accurately described by (4.11). (n-MOS, W/L =
10um/0.13um, £,x = 2.0nm and Vsg = 0.0V)

where AL,y is the length of the (gate-source or gate-drain) overlap region.

In the derivation of IgpL, it has been assumed that all electron-hole pairs generated by tunnelling are
collected by the drain and bulk separately. This implies that even at zero drain-bulk bias (Vpg = 0), a
current will be flowing between drain and bulk (i.e., Igp. 7 0), which is not physical. In order to have
a more physical description of Igpy. that goes to zero for Vpg = 0, all tunnelling components in the
overlapped drain-bulk junction should be taken into account, i.e., not only the transversal component
but also the lateral component. This would, however, lead to a very complex expression. In order to
ensure that Igpp, = 0 for Vpg = 0 and that /gp;. changes sign when Vpg changes sign, the following
simple empirical expression is used instead of (4.9):

B#
IGIDL x W- ALOV . VDB . EtovL2 - eXp <—%> (410)
tovy,

The empirical addition of Vpg in (4.10) w.r.t. (4.9) is allowed as the bias dependency of IgpL is all but
determined by the exponential term exp(—Bé‘fﬂDL / Eoy, ). Finally, we can write the MM11-equation:

Bg
IgioL = AL - Vo * View ” - €Xp <— IDL) (4.11)
Viow

where Agpr is an empirical parameter proportional to W - AL, - Cox/€si, Bgipr is equal to eg; -
BE 51 / Cox and Vi, is given by:

Viow, = y/ Vou 2 + (CaoL - Von)? 4.12)
Equation (4.11) has been found to accurately describe the gate-induced drain leakage behaviour of

MOSFETs, see Fig. 4.4.
In the above derivation, we have focussed on the gate-induced drain leakage. The same phenomenon,
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however, can also occur at the source side, in which case it is referred to as gate-induced source
leakage (GISL). The electric field in the overlapped source region is typically not as high as the field
in the drain region, and as a result, GISL will not really impact the source leakage. Nonetheless, it is
still important to include GISL in the model in order to preserve drain-source symmetry. Analogous
to the derivation of GIDL, we can write the GISL current /51, between source and bulk as:

BgipL
Iist. = AL - Ve * Viov,” - €Xp <— v ) (4.13)
tovg

where Vo, is given by:

Viows = y/ Vow? + (Canpr. - Vss)” (4.14)
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S Gate Current Modelling

Up till here, it has been assumed that the gate current in a MOSFET is equal to zero. From a classical
point of view, this assumption holds true, since carriers in the inversion layer cannot cross the poten-
tial barrier of the gate oxide, see Fig. 5.1 (a). From a quantum-mechanical point of view, however,
carriers may tunnel through the potential barrier resulting in a non-zero gate current density Jg. The
probability of tunnelling increases exponentially with decreasing oxide thickness ¢y, resulting in an
exponentially increasing Jg, see Fig. 5.1 (b). With CMOS technology scaling, 7, is constantly scaled
down, and consequently gate current can no longer be neglected for modern and future CMOS tech-
nologies as it may start to affect circuit performance [116, 117].

q-VOXI/

1.E+02

® Measurement
'— Model

1.E+01

1.E+00
1.E-01

1.E-02

Je (Alcm?)

1.E-03

1.E-04
8_ ................

1 1.E-05 U

Gate Oxide Substrate
(a) (b)

Figure 5.1: (a) The energy-band diagram of an n-MOS structure in inversion (Vi >
0), where xp is the oxide potential barrier, i.e., the difference between the
conduction-band levels in SiO, and Si at the interface. Electrons in the inversion
layer may tunnel to the gate resulting in a non-zero gate current density Jg. (b)
The gate current density Jg as a function of gate bias Vg for different values
of oxide thickness f.y; Jg increases exponentially with decreasing 7.5 (n-MOS,
Vps = Vsg =0 V).

Over the years, the gate tunnelling current has been subject to extensive research [118]-[131]. Nev-
ertheless, the compact modelling of gate current still is a relatively unexplored field [132]-[135],
although it is receiving increasingly more attention [136, 137]. In MM11, a new physics-based gate
leakage model is used [14], which is at least as accurate as other models [2, 134], but much simpler.
This model will be treated in this Chapter.

According to Appendix K.1, the gate current density Js can generally be written as:

Jc =dq N - Ptunnel(Vox, XBaA’ B) (51)

where N is the number of mobile carriers per unit area and Py, is the transmission probability of a
carrier tunnelling:

32
B Viox
Ptunnel (Voxa XB> Aa B) =A- Vox - €Xp (_ : |:1 - (1 - > :|) (52)
Vox XB

©Koninklijke Philips Electronics N.V. 2003 47




2003/00239— April 2003 Physical Background of MOS Model 11, Level 1101 Unclassified Report

NMOS PMOS

strong-inversion region

Lveov,

accumulation region

Figure 5.2: The gate tunnelling components in the different operation regions. The intrin-
sic (channel) region behaves differently from the gate overlap regions. In the
intrinsic region, electrons (n-MOS) or holes (p-MOS) tunnel from the channel
to the gate in inversion, whereas in accumulation electrons tunnel from the gate
to the substrate (n-MOS) or vice-versa (p-MOS). In the overlap regions, elec-
trons (n-MOS) or holes (p-MOS) tunnel from the source/drain-extension to the
gate or vice-versa, depending on the bias conditions. Overall three gate current
components can be distinguished: the gate-to-channel current, the gate-to-bulk
current and the gate overlap current.

Here V, is the oxide voltage (= Q,/Cox). In addition, the prefactor A and the probability factor B
are physical constants given by (K.8) and (K.6), respectively, but in view of the approximations made
A and B are treated as empirical parameters. In Fig. 5.1 (b) it can be seen that (5.1) gives an accurate
description of Jg for different values of 7.

In a typical MOSFET structure we can distinguish different gate current components, see Fig. 5.2
and Tab. 5.1. In general, three main gate current components can be distinguished: the gate-to-
channel Igc, the gate-to-bulk I/gg and the gate overlap component /g, see Fig. 5.3. The above-
mentioned components will be subsequently treated in the following Sections.

5.1 Gate-to-Channel Current
According to Appendix K.1, the gate-to-channel current density Jgc can be written as:

Joc = = Qinv * Py (5.3)
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Table 5.1: The type of carriers that contribute to the gate tunnelling components as indi-
cated in Fig. 5.2. The type of carriers determine the value of oxide energy barrier
x5 that has to be used (xgy, = 3.1V for electrons, xg, = 4.5V for holes). Fur-
thermore, the probability factor B is different for electrons and holes. In the last
row, the direction of gate current is indicated.

Type Intrinsic MOSFET Overlap Regions
Accumulation | Inversion
n-MOS electrons electrons electrons
p-MOS electrons holes holes
Ic Igs ! Igp Igs ! Igp
I 1.E-09
G ® Measurements— MOS Model 11
1.E-10 |
\ 4 I GOV < 1.E-11
O 1E12
I 1.E-13
S I GD D
GS 1.E-14
v 15
I GB
(b)
(a)

Figure 5.3: (a) The different gate current components in a MOSFET. One can distinguish
the intrinsic components, i.e., the gate-to-channel current Igc (= Igs + Igp) and
the gate-to-bulk current /gg, and the extrinsic components, i.e., the gate/source
and gate/drain overlap components Ig,,. (b) Measured and modelled gate cur-
rent as a function of gate bias Vgg at Vps = Vsg = 0V, the different gate current
components are also shown. n-MOS, W/L = 10/0.6um, t,x = 2nm.

where the tunnelling probability Py, is equal to Pynnel (Voxs XB» Ainvs Binv), Ainy 18 the probability
prefactor and Bj,, is the probability factor for carriers in the inversion layer tunnelling to the gate.
In order to calculate the total gate-to-channel current /¢, the current continuity equation has to be
solved:

Oos™) _ o) (5.4)
0x

where Ipg is given by (3.1) and is no longer constant along the channel. Differential equation (5.4)
cannot be solved analytically, and as a consequence it needs to be approximated. The current continu-
ity equation is solved under the assumption that Jgc only induces a small perturbation of the potential
distribution along the channel (i.e., d/ps/dx & 0). Note that this assumption implies that Ipg is (ap-
proximately) constant along the channel and all equations derived in Chapter 3 are still valid. The
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total gate-to-channel current /gc is obtained by integrating Jgc along the channel:

L
Igc =W - / Joc - dx (5.5)
0

As a further approximation the exponential term in the tunnelling probability Py, is linearised:

3
Biny Vox \ 2
Py = Ainy - Vox - €Xp (— v : [1 — (1 -2 ) D ~ Al - Vox - exp (B, - Vix) (5.6)

ox XB
where
3 Binv
Aﬁlv = Ainv - €Xp (_E : P > (57)
3 B
# _ inv
Binv g : XB2 (58)

Neglecting the influence of velocity saturation, dx in (5.5) can be replaced by (L.2). Furthermore
defining ¢ = ¥, — ¢ and d¢p = dig, eq. (5.5) can be rewritten in:

A#n -W-L av/2 ( # )
IGC =" Qinv : Q]*l’l Vi x * €Xp Binv -V x) " d¢ (59)
Ol AV Joayp v ’

where Qi, and QF, are given by (2.20) and (3.6), respectively, and the oxide voltage Vi in the
channel region is simply given by:

Qg Qg - Cg ) ¢ >
Vx = —=—=———"—"—=Vox — V- 5.10
= o o f ox @ (5.10)
It is straightforward to solve the integral (5.9), although it results in a lengthy equation. In order to
simplify the result, we take a third-order Taylor polynomial around Ay = 0, which results in:

Igc = —AL, - W L Qin - Vox - exp (B, - Viox) - Pac (5.11)
where:
2090 . pp - * N 2. (r - r* - Fox * Fox
Pc.c=1+rB +2-rg-(r+r*4+ro) + (r-r*+r-rox+r ro)'sz (5.12)
24
Here r, r*, rox and rg are dimensionless variables defined by:
r = Cinv/Qinv (513)
r* = Cin/OQi (5.14)
Fox = 8Vox/‘_/ox (515)
g = Bf -0V, (5.16)

In the strong inversion region where Igc¢ is important, equation (5.12) can be further simplified by
assuming r* = r, which results in:

r32+2-rB-(2-r*+r0x)+2-(r*2+2-r*-r0x)

2
0 AV (5.17)

Poc =1+
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Figure 5.4: Gate current as a function of Vg for two values of Vsg. Quantum-mecha-
nical lowering of potential barrier xp is taken into account. (n-MOS, W/L =
10pum/10pum, t,, = 1.7n0m, Vpg = 50mV)

#
inv

Finally, we can revert the term A* - exp(B¥ - V,,) in (5.11) back to the original tunnel probability

mv

Ptunnel (Voxv XB> Ainv’ Binv)’ reSUlting in:

), \% - Bl \% ‘_/X ?
Igc = —Igmy - Qiny | Vox + Poc-exp | ——— - | 1 — <1 - XO > (5.18)
B

where parameter /gy is theoretically equal to Aj,y - W - L - Coy, but is used as an empirical parameter.
The gate-to-channel current /¢ can be seen in Fig. 5.3 (b) as a function of gate bias for a typical n-
MOS transistor at Vpg = 0.

Carriers at the oxide interface are confined to a narrow potential well, quantum-mechanically resulting
in a splitting of the conduction energy band into discrete subbands and in a displacement of the
inversion-layer carrier distribution from the interface, see Appendix D. This affects the effective oxide
potential barrier [118]. Owing to these quantum-mechanical effects, the electrons in the inversion
layer are not situated at the bottom of the conduction band but in an energy level which effectively
lies A xg above the conduction band. Assuming that only the lowest energy subband is occupied by
electrons and using (D.10), the value of A xg can be given by:

_ 23

i* Ee
Axg = OM, - <€Sc ff) (5.19)

where QM is equal to QM - C,*/?, and QM is a physical constant (Q My = 5.951993 Vm*/3/C?/3
for electrons and QMp = 7.448711 Vm*/3/C?/3 for holes). As a result, the effective oxide potential

barrier g, is lowered by an amount of A xg:

XBcff = XB — AXB (520)
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In order to take this quantum-mechanical barrier lowering into account, Bj,, in the above equations
has to be replaced by:

XBei 2
Befr = Biny - (521)
XB

The resulting model gives in an accurate description of the quantum effects at various Vgg, see Fig. 5.4.

Source/Drain Partitioning: The carriers tunnelling from the inversion layer to the gate contributing
to Igc are supplied by both source (/gs) and drain (/gp). The partitioning of Ig¢ into Igs and Igp can
simply be given by, see Appendix K.2:

Lx
Igp = W-/ — - Jgc - dx (5.22)
o L

L
los = W-/ (1—%>-Jcc-dx=IGC—IGD (5.23)
0

Neglecting the influence of velocity saturation, x and dx in (5.22) can be replaced by (L.4) and (L..2),
respectively. Using linearisation (5.6), we obtain:

A?HVWL av/2 QTVZ_QTVZ
= % “ Qiny - Qi - Vox - €xp (Bi"‘:lV . VOX) -d¢  (5.24)
2- Q5 - AV Joayp Cin - Qi - AY
The straightforward solution of this integral results in a lengthy equation. In order to simplify the
result, we take a third-order Taylor polynomial around Ay = 0, which results in:

Ip

~ - - P
Iop = =A%, - WL+ Qin - Vou - exp (Bfy, - Vox) - (% - Pcn) (5.23)
where:
_ Aw 3 2 *
Pop=I[rs+r—+rel-—+ [’ +rs” - (3-r+2-r" +3 ry) (5.26)

12

+2-rB-(2-r-r*—|—3-r-rox—{—2-r*-rox—r*2)

Ay?

dhor ey =27 =2 x]._

r-r Fo r-r r Fo 480
Equation (5.26) can be further simplified by assuming »* & r, which results in:

A
PGD: [VB+V*+VOX] -1—;//+[r33+r32-(5-r*+3-rox) (527)

Ay

+2-rB-(r*2+5-r*-rox>—{—2-r*2-rox—2-r*3]- 750

#
inv

Finally, we can revert the term A? . exp(B? - Vox) in (5.25) back to the original tunnel probability

mv

Punnel (Vox: X8+ Ainy, Befr), resulting in:

— _ 3

P P B Vox \

lop = —Iamy - 2. 7, <£ - PGD) cexp | =2 |1— (1 - ) (5.28)
Cox ox XB
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Figure 5.5: Modelled partition of /s and Igp current components as a function of drain
bias are verified using a segmentation model (N = 10). (n-MOS, W/L =
10em/0.6um, t,x = 2nm)

The resulting Igs/Igp partition cannot be verified using measurements. In Fig. 5.5, it is therefore
verified by breaking down the MOSFET into N = 10 equal segments, each described by the above
model, similar to [138]. The partition, which follows naturally from the segmentation model, is
accurately reproduced by (5.23) and (5.25) adding no parameters.

In the above derivations, only electrons tunnelling from the inversion layer to the gate have been taken
into account. In reality, electrons in the gate will also tunnel to the inversion layer, resulting in a small
tunneling component. The two tunnelling components have opposite signs and cancel out when zero
bias is applied (i.e., Vgs = Vps = Vsg = 0). The above-derived expressions for Igc, Igp and Igs,
however, do not become zero for this zero bias condition'!. This is not physical. For a more physical
description, the electrons tunnelling from gate to channel have to be taken into account, which results
in a complex expression. A simple method which forces Igc to zero for zero bias condition (and
hardly affects the accuracy at other bias conditions), is to subtract a bias-independent value equal to
Igc at Vgs = Vps = Vsg = 0 from Igc. An even simpler method is used in MM11. Realising
that V,,, is approximately equal to Vs — Vps, /2 in the inversion region, this method replaces V,, by
Vias — Vps, /2 in the prefactor of the expressions (5.18) and (5.28) for Igc and Igp, respectively.
Furthermore, to arrive at the MM 1-expressions, we need to replace r*, rox and rg by the MM11-
variables £*, 0V, and B, respectively. Finally, in order to obtain an accurate source/drain partition-
ing in subthreshold, we replace the term —va r* - Ay Cox (R —Qinv -1 AP/ Cox = AQiny/ Cox)
in (5.28) by the MM11-variable Viyy, — Vi, -

5.2 Gate-to-Bulk Current

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.

11Expressions (5.18) and (5.28) for Igc and Igp, respectively, only become zero for VSB =0.
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Since the oxide energy barrier for electrons (xg, = 3.1V) is considerably lower than that for holes
(xp = 4.5V), 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 Jgp
can be written as:

0 for: Vgg > Vi
Jog = (5.29)
— Qb * Punnel (—Voxs xBs Aaces Bace) for: Vg < VB

where A, is the probability prefactor and B, is the probability factor for carriers in the accumula-
tion layer tunnelling to the gate. For n-type MOSFETs, both the gate-to-channel and the gate-to-bulk
currents consist of electrons tunnelling, and as a result B;,y = Ba... For p-type MOSFETs, however,
this is not the case, see Tab. 5.1, and consequently Bj,, 7 Ba... The total gate-to-bulk current can be
obtained by integrating Jgp along the channel:

L
Igg =W / Jgp - dx (5.30)
0

Since no channel current is flowing, the solution of /gg is straightforward. In accumulation, dv/dx &~
0 and v, = V¥, , and as a result we can simply write (for V3, < 0):

- - 32
_ B Vox

Ton = Toace -2 Vo - exp [ 222 1—(1+ ) (5.31)
COX V()x XB

where parameter Igacc is theoretically equal to A,..- W - L - Cy, but is used as an empirical parameter.
Again, the influence of quantum-mechanical quantization can be taken into account by making use of
an effective oxide barrier lowering. However, in order to limit calculation time, quantum-mechanical
oxide barrier lowering is neglected in this case. The gate-to-bulk current /g can be seen in Fig. 5.3 (b)
as a function of gate bias for a typical n-MOS transistor at Vpg = 0.

In the above derivations, only electrons tunnelling from the gate to the channel region have been taken
into account. In reality, electrons in the channel region will also tunnel to the gate, resulting in a small
tunneling component. The two tunnelling components have opposite signs and cancel out when zero
bias is applied (i.e., Vgs = Vps = Vsg = 0). The above-derived expressions for Igg, however, does
not become zero for this zero bias condition'?. This is not physical. In order to force I to zero at
Vs = Vps = Vsg = 0, in MM11, we simply replace Vox by Vgp in the prefactor of expression (5.31)
for I GB-

5.3 Gate Overlap Current

Apart from the intrinsic components Igc and Igg, considerable gate current can be generated in
the gate/source- and gate/drain-overlap regions. The overlap regions are considered as two-terminal
MOS-structures with different flat-band voltage Vgg,, and body factor k., see Section 2.2. In the
following general discussion, we denote the source or drain by X. For Vgx > Vggoy a negatively
charged accumulation layer is formed in the overlapped n*-source/drain 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/drain accumulation layer to the gate, it is simply
given by:

Ig,, = W - ALoy - Qov - Punnel (Vovs X8, Ainvs Biny) (5.32)

12Expression (5.31) for Igg becomes zero for VSB =0.
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where Q,, and V,, are given by (2.38) and (2.39), respectively, and AL, is the length of the
gate/source or gate/drain overlap region.

For Vox < Vesov, the situation is reversed, a positively charged depletion layer is formed in the
overlapped n"-source/drain 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/drain, it is given by:

I, = W - ALoy - Qov - Punnel (—Vov, XBs Ainy,s Biny) (5.33)

Adding up (5.32) and (5.33), we obtain for the total gate overlap current:

2 Binv Vov 32
IGov = IGOV . Vov cYEXp | — 1 —=11-= (534)
Vov XB
Bi \% V. \% 32
—exp | — - 1—<1+ ")
Vov XB

where the parameter /oy is theoretically equal to Aj,y - W - ALy, - Cox, but is used as an empirical
parameter. Physically I, should be zero for Vgx = 0, this is, however, not the case. Along the
same lines as in Sections 5.1 and 5.2, we simply replace one of the V,,’s in the prefactor of (5.34) by
Vix In order to force Ig,, to zero for Vgx = 0. The resulting expression is the MM11 expression.
In Fig. 5.3 (b), the gate overlap current /g, is shown as a function of gate bias for a typical n-MOS
transistor at Vps = 0 (i.e. Igov, = IGov,)-

5.4 'Total Gate Current

Including all the above components, the model gives an accurate description of I over the whole
operation region, see Figs. 5.1 (b) and 5.3 (b), using only 5 adjustable parameters: Iginv, Igacc,
Igov, Binv and B,... Similar accuracy is obtained for the Vps dependence, see Figs. 5.6 and 5.7.
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6 Charge modelling

The dynamic behaviour of a MOSFET is not only determined by the time dependence of the steady-
state currents, but also by the time dependence of the various charges in the transistor. These charges
give rise to a capacitive behaviour of the MOSFET. 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 capacitive behaviour of the MOSFET, but this is not
taken into account here. As mentioned before, it is described by a separate junction diode model.

6.1 Intrinsic Charges

In the intrinsic MOS transistor, charges can be attributed to the four terminals, see Fig. 6.1.
L L
QINVZW'IQinv'dx:Qs"'QD QG:W'_[Qg’dx
0 / 0

n*/

+++++++++

\@’é@@@@@@@

Figure 6.1: Cross-section of an n-MOSFET structure (biased in the inversion region). In
a quasi-static approximation, charges can be attributed to the four terminals as
indicated, where the total inversion-layer charge Qny is partitioned in a source
(Qs) and drain (Qp) charge.

The total gate charge Qg can be calculated by integrating Q, along the channel:

L
QG=W*A Q, - dx (6.1)

The total inversion-layer charge is split up in a source Qg and a drain Qp charge, which can be
calculated using the Ward-Dutton charge partitioning scheme [139]:

Qs=W-/0L(1—%)-va-dx 6.2)

Lx
QDZW“/'—'QW'M (6.3)
o L

This partitioning scheme results in a bias-dependent or dynamic charge partitioning as opposed to a
fixed partitioning as used in, e.g., BSIM4. Since charge neutrality holds for the complete transistor,
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the total bulk charge Qg is simply given by:

L
QB=W-/0 Qv -dx =—-0s— 0p — Og (6.4)

Using the 4 above-mentioned charges, we can define 16 capacitances Cij;:

20; .7 3
3, for: i =

G = (6.5)
—%—%* for: i # j

where i and j denote the terminal S, D, G or B'?. Owing to charge neutrality and to the fact that the
4 terminal voltages can be reduced to 3 voltage differences without losing information, the 16 above
capacitances consist of 9 independent capacitances and 7 capacitances which can be written in terms
of the 9 independent capacitances (e.g., CoG = Cpg + Csg + Csg = Cip + Cas + Cap)-

It should be noted here that in general Cj; # Cj;, in other words the capacitances are non-reciprocal.
This non-reciprocity is a direct consequence of the charge conversation law and the non-linear mul-
tiple terminal nature of the MOS device. Only at Vps = 0, as the device is passive, the capacitances
are reciprocal (i.e., Cjj = Cj;) and symmetrical w.r.t. source and drain (i.e., Cip = Cjs or Cp; = Cyg;).
It can be shown, however, that owing to the use of the charge sheet approximation, the capacitances
are not exactly reciprocal at Vpg = 0, see Appendix E.2. The latter effect is nonetheless negiligible
when compared to the non-reciprocity (at Vps = 0) that occurs in Vr-based models.

The total charges as defined by (6.1)-(6.4) have to be calculated. In the following derivation, we will
neglect the influence of velocity saturation, which is allowed as pointed out in Appendix F.2. Starting
with the source and drain charge, equations (6.2) and (6.3) can be solved using (2.20). Using (L.2)
and (L.4), see Appendix L, one can rewrite (6.3) to:

W-.L Oy Q;knv2 - ;knv ?) - ;kn
QD=T-/ (Qh—dr-C mv)-( - 0)2 v
Qi*nvo (Q;knv ’ AQ;’(nv)

-do? (6.6)

mv

which yields:

Op = WL (3 anvL +6- anvo' 1nvL +4 anvo ’ 1nvL+ vao‘
D=

-Ciny | (6.7
2 15 . va . mv ¢T in ) ( )

Applying the same approach, one can calculate Qg using (6.2):

0 = W.L ) (2 anvL anvo 1nvL + 6- anvo ’ 1nvL +2 anV()‘

— ¢r - Ciny 6.8
2 15- anv’ 1nv o ) ©9

Bearing in mind that QanL =Q:, +AQ!, /2 and vaL = Q;, — AQ?,/2, and defining:

1 A
Fi=-3- Q (6.9)

mv

I3For certain bias conditions and certain combinations of i and J, the capacitance defined in (6.5) may be negative.
Therefore, and to avoid confusion, the partial derivative Cj; is sometimes referred to as transcapacitance or capacitive
coefficient.
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it can be shown that (6.7) and (6.8) reduce to:

1 C -, A0, F?
QD = 5 . COX . |:Qinv — T . (E + ?J - 1) - ¢T : Cinv:| (610)
1 C . AQ: R’
Qs=§'COX‘[anv_%'(I:j_?]+1>_¢T'Ci“V:| 6.11)

where Cox is the total oxide capacitance given by Cox - W - L. The above two equations form the
basis for the Qp and Qg equations used in MM11.

In order to calculate Qg using (6.1), we can use (2.24). Furthermore, using (L.2) and bearing in mind
that 0 Q" /A QF = 9/ Ay, one can rewrite (6.1) to:

inv inv

Yo - [Q* — Ciny (Ws - KZ)] dWS
QG:W'L'/ Q. —Cyo- (Vs —v)]- nv = . (6.12)
Iﬂso [ : : ( )] Qinv Alﬂ
which yields:
Cox = I Gy Ciy 2 Cox = C, AQ;
— . — I8 T A = . - .. 6.13
QG CoX (Qg + 12 Q;knv w COX Qg CiﬂV 6 ! ( )
The total bulk charge Qg is simply calculated from (6.4):
Cox |~ - AQ} G,
- _ | O — LA A | 6.14
Os o [Q + 0, c i < + o (6.14)

The presence of source and drain resistance also affects the above charge model. In order to take the
effect of series resistance into account, as pointed out in Appendix G.2, we simply replace AQ;, in
(6.9)-(6.14) by:

AQin ~ 5 TG (6.15)

Note that the above-defined A Q7 corresponds to the variable AVg, (= AQ5,/Cox) as used in
MMI11.

Following the above approach, an accurate description of the accumulation region and the poly-
depletion effect are automatically included in the charge model, see Fig. 6.2. Note, however, that an
electrical oxide thickness has to be used which is larger than the physical oxide thickness. This is due
to the negligence of quantum-mechanical effects.

Quantum-mechanically, the inversion/accumulation charge concentration is not maximum at the Si-
SiO,-interface (as it would be in the classical case), but reaches a maximum at a distance Ay from
the interface [39]. This quantum-mechanical effect can be taken into account by an effective oxide
thickness 7,y ;;, Which is bias-dependent, see Appendix D:

C 1/3
toxcff=tox-[1+Qth-( = ) } (6.16)

€si - Eegr
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Figure 6.2: Input capacitance Cgg as a function of gate bias for a long-channel p-MOSFET.
The influence of the poly-depletion effect is also shown. The used electrical
tox 18 3.6nm, which differs from the physical ¢, of 3.2nm due to quantum-
mechanical effects.

where QM, 1is equal to 2/5- OM - Cox??, and QM is a physical constant (QMy = 5.951993
Vm*3/C?/3 for electrons and QMp = 7.448711 Vm*3/C?/? for holes). The quantum-mechanical
carrier displacement can be taken into account in the above-derived charge model by replacing the

total oxide capacitance Cox by an effective oxide capacitance Cox,,, given by:
Cox
COXCff - 1/3 (617)
1+ QMt‘”‘ ' <65ic'(gcff>

In order to obtain the MM 11 expression, we need to replace the effective field E.y in (6.17) by an
effective voltage Ve = €si - 17 - Eefr/ Cox and replace 1 by 1/nm0p. Using no extra parameters, the
implementation of Copx . results in an accurate charge description using the physical oxide thickness,
see Fig. 6.3.

eff

Non-Quasi-Static Effects: It should be noted here that the charge model as described above is
quasi-static. The quasi-static approach assumes that a charge Qx can be attributed to a terminal X
and that this charge changes instantaneously with a changing voltage Vx. In other words, it assumes
that the channel transit time is infinite, which is not physical. A finite transit time results, for exam-
ple, in a phase shift (or delay) between channel current and gate voltage. This phase-shift is not taken
into account in the quasi-static approach. This implies that for applications at high frequencies ap-
proaching the cut-off frequency, errors have to be expected due to non-quasi-static (NQS) effects. An
accurate description of NQS-effects requires the solution of the continuity equation along the channel,
which can only be obtained under certain approximations. Several methods to include NQS-effects
have been proposed [140]-[143]. These methods are generally computation time intensive, do not
include short-channel effects and in some cases consider the transient and ac small-signal behaviour
separately, which can lead to inconsistent simulation results in the time domain and frequency do-
main. Another, less complex method is based on the small-signal approximation [144]-[147], the
resulting models are not applicable to large-signal, transient and harmonic-balance simulations. An
alternative simple and large-signal method makes use of the relaxation time approach [148], which
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Figure 6.3: Same measurement results as used in Fig. 6.2. Quantum-mechanical effects
have been included in the model, resulting in an electrical oxide thickness of
3.2nm, which corresponds to the physical oxide thickness.

is, however, inaccurate for certain bias conditions.

A simple yet accurate NQS-method that avoids most of the above-mentioned drawbacks, makes use
of a so-called segmentation model [138]. In this method, the continuity equation is solved by breaking
down the MOSFET channel into N equal segments in series, each described by a conventional quasi-
static model. The resulting segmentation model is very accurate and consistent for dc steady-state, ac
small-signal, large-signal and transient simulations. Of course, the use of N segments for each MOS-
FET will result in an increase in computation time. Bearing in mind, however, that in RF-circuits only
a limited number of transistors are crucial for the high-frequency performance, the trade-off between
the high accuracy and the computational penalty is nonetheless very positive.

6.2 Extrinsic Charges

For short-channel transistors, a major part of the total input capacitance Cgg will be determined by the
gate-to-source and gate-to-drain overlap capacitances. An accurate modelling of these bias-dependent
overlap capacitances is thus important. As discussed in Section 2.2, the overlap regions can be treated
as n-gate/oxide/n™-bulk MOS capacitances, where the source or drain acts as bulk terminal. The
total charge in the overlap region Q oy can simply be given by:

Qov = —Coyv * Vv (6.18)

where V,, is given by (2.39), Coy is the oxide capacitance of the overlap region given by Cox - W -
AL,y,, and AL,, is the length of the gate/source or gate/drain overlap region. Again, the influence
of quantum-mechanical effects could be taken into account in the overlap charge by making use of a
bias-dependent effective oxide thickness. However, in order to limit calculation time, the quantum-
mechanical effects are neglected in this case. Equation (6.18) gives an accurate description of the
bias-dependent overlap capacitance, as is shown in Fig. 6.4. Replacing V,, and Coy in (6.18) by V,,,
and Cgso. respectively, we obtain the MM11-expression for Qoy,. In the same way, replacing Vi,
and Coy by V., and Cgpo. respectively, we obtain the MM11-expression for Qv .
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Figure 6.4: Drain-to-gate capacitance Cpg as a function of gate bias for a short-channel
n-type transistor. The total Cpg consists of the intrinsic Cpg and the bias-

dependent overlap capacitance.
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7 Noise Modelling

So far, it has been assumed that the currents of a MOSFET vary with time only if one or more of
the terminal voltages vary with time. However, irrespective of the presence of externally applied
signals, a MOSFET shows spontaneous fluctuations in the terminal currents, referred to as noise.
Such fluctuations can interfere with weak signals when the MOSFET is part of an analogue or RF
circuit, and as a consequence, an accurate modelling of noise behaviour in circuit simulation is thus
essential.

In a MOSFET, generally three different types of noise can be observed, see Fig. 7.1: 1/f-noise,
thermal noise and induced gate noise. These types of noise are all related to the channel current. In
reality, 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, Level 1101.

— 15 TTTTI T TTTI T T TTTIT T T TTTITT T T TTTIT
- . induced

% L\ 1/f~noise .
> i gate noise
o i ]
= 10} |
= i ]
e
u:l' B 4
» i ]
70} B i
 pumi
g 51 thermal .
. i noise 1
= v :
W ! ]

O LU [ ER LU LU LI

106 107 10% 102 10'°
frequency (Hz)

Figure 7.1: The 502 noise figure as a function of frequency for a typical MOSFET. Three
different types of noise with different frequency dependence can be observed:
1/ f-noise, thermal noise and induced gate noise.

7.1 1/f-Noise

At low frequencies, flicker or 1/f-noise becomes dominant in MOSFETs. In the past, this type of
noise was interpreted either in terms of trapping and detrapping of charge carriers in the gate oxide
or in terms of mobility fluctuations. Nowadays, a general 1/f-noise model by Hung er al which
combines both number and mobility fluctuations [149, 150], 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, see Fig. 7.2, and that these number fluctuations also affect the
carrier mobility resulting in (correlated) mobility fluctuations. The model was originally formulated
for Vr-based models, but it can easily be derived in terms of v resulting in an accurate expression
for all operating regions. As a starting point we use eq. (22) in [150]:

kg - T - Ins? 2

L R
Sip,(f) = m/o nt(Efn)’[mias'Meff} -dx

(7.1

kg T -q-Ips- pe [P R? NT?
o Dszueﬁ-/ m(Efn)-—-[lias-ueff-—} -av
yOX'f'L VsB N R
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Figure 7.2: (a) Flicker or 1/f-noise in MOSFETs: is attributed to the trapping/detrapping
of carriers in the gate oxide, resulting in carrier number fluctuations and corre-
lated mobility fluctuations. (b) The fluctuations caused by a single trap result
in a Lorentzian-type noise spectral density. A distribution of traps in the ox-
ide result in a distribution of Lorentzians. The addition of only 5 Lorentzians
(dashed lines) already leads to a 1/f-like spectrum (solid line) over a consider-
able frequency range. For reference, the dotted line represents true 1/f noise
(corresponding to a spatially unifrom distribution of traps).

where n¢ (Ef,) is the approximated distribution of oxide traps over energy, y.x is the attenuation
coefficient of the electron wave function in the oxide, «; is a scattering coefficient responsible for the
mobility fluctuations, N is the number of channel carrier per unit area, N = — Qi /¢, and R is the
ratio of the fluctuations in carrier number (A N) to fluctuations in occupied trap number (A N,):

_ dAN
~ AN,

(7.2)

If AN, fluctuates by an amount d ANV, then in strong inversion dAN = —d AN, (i.e., R = —1), and
in weak inversion [0AN| < |0AN| (i.e., |R| < 1). In order to find an expression for R in weak
inversion, we note that when the trapped charge Q, fluctuates, this produces fluctuations in the gate
charge 9 Q,, the inversion charge d Q;,, and the bulk charge d Qy,. Charge conservation requires:

Q¢+ 0Qiny +00p +00: =0 (7.3)

JdAN 0 Qinv
R = = — (7.4)
BANt 8Qg"‘aQb'i‘aQinv

Qiny /¢T
Ce+ Co — Qinv /1

~

where d Qj./0V in weak inversion has been approximated by — Qi /¢1. Eq. (7.4) can be rewritten
as:
N
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with

N*:%‘[Cg‘i’cb]’%_%'cmv (76)

wheNote that, although (7.5) is valid in weak inversion, R approaches the theoretical value of —1 in
strong inversion. As a result, we can use (7.5) over the whole operation region.

To further proceed in solving (7.1), one needs to know the bias dependency of oy, per and ng (Efy,).
In order to keep things mathematically feasible, the following parametrisation is made:

N 2
nﬂ&o=mwM'Pi%wer}=A+B'N+C“W (1.7)

where A, B and C are treated as empirical parameters. Furthermore dV can be written in terms of
dN:

AV o IV
_ WV s = 4 dN (7.8)
ov. N

dVv . .
Cinv 0 vfs

where 0V /0 is given by (3.5), which can be approximated by, using
partial Qinv/aws R _Cinv:

V. N+ N*
~ + (7.9)
RV N
Now using (7.7), (7.8) and (7.9), we can rewrite (7.1) as:
2.0% . Ine - N N &+ N* R?
5, = 219 Ins “eff./ T8 N lA+B NtC NN (7.10)
J/ox'f‘Lz‘]\/v"< Ny N N

which results in the following equation:

2 2 * *

-q° - Ipg * et N N N N
SID=¢T q"Ios-per [, o+ B NN - NI o+

Yox - f - L* - N* N + N* N+ N*

No> — N.* > No + N*
C.- | —— —N*-(Ny— N, N*“.In| ——— 7.11
+ [ 5 (No — Nv) + Gy (7.11)

In the saturation operation region, channel length modulation may affect the noise density. In order
to take this effect into account, we rewrite (7.1):

kB'T'IDS2 L—AL R2 L R2
Sy, =—— - “(Ep) - — - dx “(Ef) - — - dx 7.12
Ip Yox - f W L2 |:/O n ( tn) N2 + /LAL ny ( tn) N2 :| ( )

where the first term results in (7.11) and the second term is due to channel length modulation. In
order to calculate the latter, we assume that both the electron quasi-Fermi level and carrier density are
uniform in the saturation region AL and equal to those at the saturation point (in other words N = N,
and V = Vgg + Vps,, ). In this case, it is straightforward to show that the total noise power becomes:

sat

2 2 * *

-q” - Ipg * et N N N N
SID=¢T q"Ios - per [, o+ B N - N - NI o+

Yox - f + L* - N* N + N* N+ N*
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No* — N2 5 Ny + N*
C-|————— —-N"-(Ng— N.) +N**.In| ——— 7.13
+ [ > (No — Nv) + "N v (7.13)

kg T -Ips> A+ B-N_+C-N.

+ AL - .
Vox'f’VV'L2 (NL+N*)2

In order to simplify (7.13), the following parameters are defined:

Ney = —2°4 (7.14)

Ty LW '

Neg = —1 8 (7.15)

T Y LW '
q-C

Nee = — 1= 7.16

FC o LW (7.16)

Replacing pesr by o/ Gysae in order to take into account both mobility reduction and velocity satura-
tion, equation (7.13) can now be rewritten as:

q ¢ B Ips 5 No + N*
S = | (Nga = N* - Neg + N2 - Nie ) - In | ——
Ip 7 Cor - Goon - N° |:( FA FB + FC) n(NL—i—N*
N
+(NpB—N*-Npc)-(NO—NL)+%-(N02—NL2)] (7.17)

+ ¢T : IDS2 . (1 - GAL) ) |:NFA +N]:B . NL + N]:C . NL2]

f (NL + N*)?

Equation (7.17) is the expression for the 1/f-noise spectral density Sy as used in MM11 [17].

7.2 Thermal Noise
Thermal (or Nyquist) noise is caused by the random thermal (or Brownian) motion of carriers. In a

MOSFET, the channel current Ipg exhibits thermal noise. As can be shown, see Appendix M.1, the
thermal-noise spectral density of a MOSFET is given by [35, 152, 153]:

4ks T [Vo5
Sip(f) = T 12 g~ (V)-dv (7.18)
DS * VsB

where g (V) is the channel conductance at a specific point along the channel, given by:
gV)=—u(V) - W Qin(V) (7.19)

For n-type transistors, the mobility 1 (V), including velocity saturation, is given by:

(7.20)

u(V) =
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where the effective mobility u.g is given by (3.32). Using eqgs. (3.5) and (7.20), we can rewrite the
expression (3.1) for channel current into:

per W 05, BV

Ips = — (7.21)
Heff | OV 2 dx
Ly ()
Solving dv/dx in (7.21) yields an explicit expression:
d I
Ve _ = (7.22)

ox 5 B 2
e - W2 05,2 = (2 - Ips)

Now, we can evaluate g(V) by inserting the above equation into (7.20) and then next into (7.19),
which results in:

2
g(V) = / Mei? - W2 - Q% 2 — (Meﬁ : IDS) , Lo (7.23)

Usat Qi*m,

For an evaluation of the thermal noise according to (7.18), we need to find an analytical expression
for g2(V) - dV. Using (7.23) for g(V) and (3.5) for dV, we can write:

gV)-av = g%%)-%-dws
. 2 0;
= {ue#-wz-Qm-Q;"m—(“ etf-IDs) : Q;‘”} - dys (7.24)

The last term of the above equation is determined by the effect of velocity saturation, and is thus
only of importance in the strong inversion region, where drift current is dominant. Simplifying the
influence of diffusion on the velocity saturation term, eq. (7.24) can be approximated by:

2 _.
g (V) -dV ~ {ueﬁz W2 Qi OF — (“ S IDS) : g;“} - dipg (7.25)

Usat inv

The integration in (7.18) can now simply be performed:

4 - kn-T s I 2 _inv
Sy = L-ueﬁ?w?/ L[Qm-Q?‘m—( > )-Q ]dws (7.26)
14

IDS - L? s Usat - w Q?nv
4. kB -T 2 2 = = Cinv2 2 IDS g Qinv
- = - . W2 i - O+ CAU? — L= A
T Hen Qun- Qi + =5+ A7 = (=255 ) - 5 |- &v
Using phegr = o/ Gmob and Oy = o/ (vsa - L), we obtain:
4-kg-T :3 ? Qinv . Qikn + Cinvz/12 . A¢2 Qinv
Sip = ———— - ( ) : v — 6’ Ips - = |- Ay (7.27)
Gmob COX IDS inv

The above equation can further be developed by inserting the drain current expression, neglecting the
influence of series resistance and self-heating for the moment:

B Ok
Gvsat Cox

Ips = —

CAY (7.28)
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Figure 7.3: The 502 noise figure Fso as a function of gate bias for n-type MOSFETS in
0.35um technology and for a short-channel n-type MOSFET in 0.18 um tech-
nology [8] (Vps = Vpp, W = 16 x 10um).

Expression (7.27) can now be simplified to:

4.kg-T B - Ciny? - AY? 5
Spp=———— | ——— Gy - | Oiy + ——— | — O” - Ips - A 7.29
o Gmob2 |: COX o <Q ! - 12 - Q;knv . o w ( )

For an accurate description of the total thermal noise spectral density, we need to include the influ-

ence of series resistance'* as well. Using the derivation as outlined in Appendix M.2, the following
expression for the spectral density Sy, including the impact of series resistance can be derived:

4-kg-T Gua® | = Ciny” - AY?
SID’Q:L'|:_ ,8 —at<va+V—w _esat2'IDS'Aw (730)

G nob Cox G 12- 0,

This basically is the expression for the thermal noise spectral density Sy, as used in MM11, where
the term 4 - kg - T has been replaced by parameter Ny. This thermal noise model, making use of
the appropriate equation for velocity saturation, has been found to accurately describe experimental
results for various CMOS technologies [8, 15], see Fig. 7.3. Some publications [154, 155] have
reported an increased thermal noise in submicron MOSFETs with respect to long-channel thermal
noise predictions, which has been ascribed to hot-carrier effects. The above noise model, nevertheless,
gives an accurate description for all channel lengths without having to invoke carrier heating effects.

The above derivation for thermal noise holds for n-type MOSFETs. For p-type MOSFETs, a different
expression (3.38) for velocity saturation has to be used. Using (3.38) complicates the derivation of
thermal noise, but it can be simplified, along the same lines as was done in Section 3.3.2. In other
words, the n-type MOS equations can simply be used for p-type MOS equations when 6, is replaced
by Ogar/ (1 + Osa> - Ap?)/#, resulting in an accurate expression for thermal noise [8].

14The thermal noise contributed by the drain and the source series resistance is neglible, and both series resistances are
consequently considered noiseless.
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Figure 7.4: The fluctuating channel current induces noise in the gate current Sj, owing to
the capacitive coupling between gate and channel. Since the thermal noise in
the channel is frequency independent, the resulting induced gate noise Sy, is
proportional to f2 and consequently only becomes important at high frequen-
cies.

7.3 Induced Gate Noise Modelling

Owing to capacitive coupling between the gate and the channel, the fluctuating channel current (as
calculated in Section 7.2) induces a noise current in the gate terminal at high frequencies, see Fig. 7.4.
This type of noise is generally referred to as induced gate noise. Hence, apart from the channel
current thermal noise spectral density Sy, the high-frequency noise also consists of the induced gate
noise spectral density Si;. Unfortunately the calculation of this component from first principles is
too complicated to provide a result applicable to circuit simulation. It is more practical to derive
the desired result from an equivalent circuit presentation given in Fig. 7.5. 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:

R — (7.31)

where g, is the transconductance. It can be easily shown that the latter resistance produces an input
noise current with a spectral density given by:

Si, =4-kg- R - Cox® (7.32)
where o is the angular frequency (= 2 -7 - f), and Cox is the total oxide capacitance (Cox - W - L. In
addition, since Aiq and Ai, have the same physical source, both spectral densities are correlated. In
saturation, it can be shown that the correlation oy, 1, is approximately equal to [152]:

Pigi, =04 j (7.33)
The cross-correlation spectral density Sy, is simply expressed as:

SIG'ID = IOIG'ID Y/ SIG : SID (734)

In order to obtain the MM11-expressions for induced gate noise, we need to replace the variables Sy,
P1g1p and Si;.1p by Sig, pigm and Sig, respectively.
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Figure 7.5: Noise current sources in the electrical scheme of the MOS transistor: i4 is the
thermal noise current, i, is the correlated induced gate noise current, and R; is
the intrinsic channel resistance.

The induced gate noise basically is a non-quasi static (NQS) effect. As a result, the use of an NQS
segmentation model [138] (see Section 6.1) where each segment solely includes the channel-current
thermal noise description, automatically results in a correct description of induced gate noise for all
bias conditions [15]. For this purpose, the induced gate noise Sy, can be made equal to zero by using
parameter GATENOISE in MM11.
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Appendices
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A Smoothing Functions

In this Appendix, the various mathematical smoothing functions used in MOS Model 11 are defined.
These smoothing functions are used to obtain a continuous transition from one mathematical function
to the other at a certain transition point. Not only the smoothing function should be continuous at the
transition point, but its higher-order derivatives as well. In other words, it should be C.,-continuous.

A.1 Hyp Functions

In some cases, it is essential to use a function f(x) which changes Cy-continuously from zero for
x < 0tox for x < 0. This can be realized using a so-called hyp-function:

hyp; {x; €} = %-(X+\/X2+4-€2) (A.1)

where € is a parameter that determines the smoothness of the transition, see Fig. A.1.
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Figure A.1: The hyp-function hyp; {x; €} realizes a C-continuous transition from zero for
x < 0tox for x < 0. Parameter € determines the smoothness of the transition.

A.2 Ohmic/Saturation Smoothing Function

For analog circuit simulation the transition from the ohmic region to the saturation region should not
only be continuous for drain current, but it should also be C,-continuous. In most compact MOSFET
models a smooth transition is obtained by using an empirical function, a so-called smoothing function.
This smoothing function Vpg_ is ideally equal to Vg in the ohmic region and to Vpg_, in the saturation
region. In order to preserve model symmetry at Vpg = 0, the smoothing function Vpg, should ensure
that i) 0 Vpg, /0Vps = 1 at Vpg = 0 and i) anVsz/a Vpp" = —8nVsz/a Vsg" at Vpg = 0 forn = 2
and higher [7, 26]. A smoothing function that satisfies the above requirements has been introduced
in [26]:

Vbs - Vbsg,

[VDSZ-m + VDSSatZ-m]ﬁ

Vps, = (A.2)
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where m is an empirical parameter, which determines the smoothness of the transition, see Fig. A.2.

V bsx

Vs

Figure A.2: Smoothing function Vpg, realizes a C-continuous transition from Vpg in the
ohmic region (i.e., for Vps < Vps,, ) to Vps,, in the saturation region (i.e., for
Vbs > Vps,, ). Parameter m determines the smoothness of the transition.
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B Calculation of Surface Potential

B.1 Poly-Depletion Effect

The use of a polysilicon gate results in the formation of a depletion layer at the gate/SiO,-interface
(for Vgg > VEp). A potential drop v, falls across this polysilicon depletion layer (i.e., the electrostatic
potential at the gate/gate-oxide interface with respect to the neutral gate, see Fig. 2.3 (a)) affecting the
calculation of surface potential . Including the poly-depletion potential drop r,, equation (2.6) can
be written as:

Os=—Cux- (VSB —VYs— vfp) (B.1)
In order to calculate ¥, the same derivations as above can be done for the n*-type polysilicon gate.
Since the gate is very highly n-type doped, we assume that the hole density p’ in the gate can be

neglected for practical bias conditions!®. In this case, the gate space charge p’(x, y) in the polysilicon
gate is given by:

p'(x,y) =q-[Np—n'(x,y)] (B.2)

where Np is the net donor doping concentration in the polysilicon gate, and the polysilicon electron
density n’ is given by Maxwell-Boltzmann statistics®:

W y) A Ny exp (L) (B.3)

Here v is the electrostatic potential with respect to the neutral gate. Under the gradual channel
approximation, the 1-D Poisson equation for the gate is written as:

Y q-Np
€si

1= exp (—v'¢r)] (B.4)

Again as boundary conditions both 1" and d/'/dy are taken to be equal to zero deep into the neutral
gate. From Gauss’ law the gate charge density Q, is given by:

’

— e . W
Qg _ESI'ay

y=—lox

(B.5)

SRR e e

where £, is the gate body effect coefficient given by /2 - ¢ - €si - Np/ Cox.

Due to charge neutrality Q, = —Qy, and as a result (2.5), (2.8) and (B.5) can be equated, resulting in
two implicit equations from which both v/ and v, can be calculated. In order to simplify matters a
bit, a distinction is made between the accumulation (i.e., Vi < 0) and the inversion (i.e., Vg > 0)
operation region. In the accumulation region, an accumulation layer of holes is formed in the substrate

151n other words it is assumed that only depletion and accumulation can occur in the polysilicon gate. The possibility of
strong inversion is neglected. This implies that no inversion layer is formed in the polysilicon gate, which holds true for
practical operation conditions.

161 practice the polysilicon gate is degenerately doped and as a result Fermi-Dirac statistics should be used.

©Koninklijke Philips Electronics N.V. 2003 75



2003/00239— April 2003 Physical Background of MOS Model 11, Level 1101 Unclassified Report

and an accumulation layer of electrons is formed in the gate. In this case both ¥, and v, are negative,
and consequently (2.5) can be approximated by:

Qs ~ —ko - Cox - / Vs + ot [exp (—K) - 1} (B.6)
¢

Equating (B.5) and (B.6), and bearing in mind that the polysilicon gate is much more highly doped
than the silicon subtrate, in other words ko < kp, it is easily seen that || > |¥;|. In the accumula-
tion region v, is thus approximately equal to zero.

In the inversion region, an inversion layer of electrons and a depletion layer of ionized acceptor atoms
is formed in the substrate, and a depletion layer of ionized donor atoms is formed in the gate. In this
case both v/ and v, are positive, and consequently (B.5) can be approximated by:

Qo X kp - Cox - \/Yp (B.7)

The potential v, can now be solved by equating (2.6) and (B.7), which results in the following simple
expression for yr, valid over all operation regions:

0 for: Vi <0

vy = i (B.8)
(\/V53—¢s+kp2/4—kp/2> for: Vip >0

Note that in the ideal case (e.g., metal gate) kp — 00, and ¥, = 0; no poly-depletion occurs.
Rewriting (2.7), the implicit relation for v including poly-depletion becomes:

% _ 2
(VGB Vs Wp) — ot br [exp <_E> _ 1] (B.9)
k() ¢T

where theoretically mg = 1.

B.2 Gate Overlap Region

In order to be able to calculate the surface potential in the gate/source and gate/drain overlap regions,
the overlap regions are treated as n*-gate/oxide/n™*-bulk MOS capacitances where the source and
drain, respectively, act as bulk, see Fig. 2.6. In the following derivation, we denote the source or drain
terminal by X.

Although the impurity doping concentration in the n"-source/drain extension region is non-uniform
in both lateral and transversal direction, it is assumed that an effective donor doping concentration
Nov can be defined for this structure. In this case, the gate space charge p(x, y) in the extension is
given by:

p(y) =¢q - [Nov —n(y)] (B.10)
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where it has been assumed that only accumulation and depletion occur in the n* overlapped region!”,
and as a result the influence of holes has been neglected. The electron density #n is given by Maxwell-
Boltzmann statistics:

n(y) ~ Nov -exp (%) (B.11)

Here,  is the electrostatic potential with respect to the neutral overlap region. Under the gradual
channel approximation, the 1-D Poisson equation for this region is written as:

2 . /
0 '/Zf ~ 4 Nov. [1 — exp (i—)} (B.12)

ay €si T

Again, as boundary conditions both ¥ and dv//dy are taken to be equal to zero deep in the neutral
source region. From Gauss’ law, the charge density Q,, in the overlapped source extension is given

by:
- ov * Lox ° ¢T - | eXp —1|- Ws(,v (B13)
y:O ¢T

where k,y is the body effect coefficient of the overlap region given by /2 - g - €si - Nov/Cox. Apply-
ing Gauss’ theorem, Q,, can also be related to the applied gate bias:

w

v = €5 -
Qo Si 8)1

Qov = _Cox : (VGX - VFBOV - Wpov - WSOV) (B14)

where Vg, is the effective flat-band voltage of the source extension and v, , is the potential drop in
the polysilicon gate due to the poly-depletion effect. The latter can be derived along the same lines as
equations (B.1) through (B.8), resulting in:

0 for: Vgx < VrBov

1ppov =

2
<\/ Vox — Visoy — Ys,, + kp?/4 — kp/ 2) for: Vgx > VEBoy

Finally, equating (B.13) and (B.14), an implicit expression for the surface potential v, can be deter-
mined:

2
(VGX - VFBov - l;bpov - ws()v) — _WSOV + ¢T . |:exp (W&v) _ 1]
ér

kOV

17Since the source/drain extension has a very high doping concentration, an inversion layer in the overlapped region will
only be formed at very negative gate bias Vgx. For practical bias conditions, this will not occur and therefore this effect
has been neglected.
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C Explicit Approximation of Surface Potential

The implicit relation (2.10) for surface potential ¥, cannot be solved analytically. It can only be
solved iteratively, which is generally considered to be computationally expensive. In order to reduce
computation time, an accurate approximation of v is required. In this Appendix, the explicit approx-
imation for ¥ as used in MOS Model 11 is discussed. It has already partly been treated in [9].
Three distinct regions of operation can be observed: the accumulation region, the weak-inversion or
depletion region and the strong-inversion region. Different approximations of surface potential can
be made in the various operation regions.

Accumulation Region: Accumulation occurs when the influence of holes is dominant. In other
words, when v < 0, which corresponds to V3; < 0. In this case, neglecting the influence of
electrons, the implicit relation (2.10) can be approximated by:

VSB—t/fs%—ko-/t/fer%- [eXp (—£> —1] (C.1)
o1

Bearing in mind the exponential term is dominant for ¥, < 0, it is convenient to rewrite this equation
into:

i (Vés — 1ﬁs)2/1€02 —Vs+ér
ér

Ys =—¢r-In (C2)

Since ¥ is almost equal to zero in accumulation, the surface potential can be approximated by:

[ ( VékB/ k0)2 + ¢Ti|

Vs X —ér-In br

(C.3)

From the above, it is clear that 1 is independent of quasi-Fermi potential V, and only weakly depen-
dent on gate bias V. For an explicit calculation of v, the use of a constant value of zero in (C.3)
does not give accurate results. In Fig. 2.3 (b) at negative values of Vg, the surface potential seems
to saturate at a value which is several ¢t lower than 0, and which is about —4 - ¢ for conventional
MOSFETs. For vy < 0, the surface potential changes from 0 at Vi; = 0to —4 - ¢r at Vi < 0. A
simple empirical function .. can be defined which realizes this change:

Acc - V¢
g = e Ve (C.4)

1+ (AZC.;,,VTG*BY

where Acc is given by:

RAVA 1
Acc = = (C.5)
o Vge Vi =0 1+ ko /V2'¢T
ensuring that dvy.. /0 Vi = 0v/0 Vg at Vi = 0. Equation (C.2) can now be rewritten as:
2
(V(irkB - :cc) /k02 - ;cc + ér
Vs ~ —¢r - In p (C.6)
T

As can be seen in Fig. C.1 (a), the above expression gives an accurate description of v in the whole
accumulation region.
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Figure C.1: The surface potential ¥, calculated from the implicit relation (2.10) (solid line)
as a function of gate bias V{3 in (a) the accumulation region and (b) the inver-
sion region. The approximations used (dashed lines) are (C.6) in accumulation,
(C.10) in weak inversion and (C.16) in strong inversion. (n-MOS, V = 0,
Ny =2 x 10Pm~3, Np — 00, tox = 3.2nm and mg = 1)

Weak-Inversion or Depletion Region: Weak inversion (or depletion) occurs when the influence of
ionized acceptor atoms is dominant, in other words when 0 < ¥, < ¢g 4+ V. In this case, neglecting
the influence of electrons, the implicit relation (2.10) can be approximated by:

Vg — Vs — Yp R ko - VWs + Auce (C.7)

where A, is a function which takes into account the influence of holes:

Agee = ¢T : |:eXP (_ﬁ) - 1i| (C.8)

The function A, is equal to 0 at Vi = 0 and it approaches a value of —¢r for Vi; > 0. An
approximate expression which ensures these conditions and which is no longer dependent on s, is
given by:

Agee = 1 - |:exp <—Acc- ‘fB> — 1:| (C.9

T

Note that the above approximate expression not only gives the exact value but also the exact derivative
0Aqcc/0Vie at Vi = 0 as given by (C.8). Solving v/ from (C.7) results in a simple expression:

2

- Aacc = vfsat (C]O)

\/PD : (VG*B + Aacc) +k02/4 - k0/2
1[/5 ~ PD

where P = 1 + (ko/kp)>. From the above expression, it is clear that y is independent of quasi-
Fermi potential V, and approximately proportional to gate bias V3. From (C.10), we can furthermore
determine the boundaries of the weak inversion region in terms of Viz: 0 < Viz < Pp - (¢ +V —
é1) +ko s+ V —¢r + ¢r = Vép,- As can be seen in Fig. C.1, the above expression gives an
accurate description of v in the whole weak-inversion region.
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Strong-Inversion Region: Strong inversion occurs when the influence of electrons is dominant, i.e.,

when vy > ¢g+V, which corresponds to Vi > Pp-(¢g+V —d1)+ko-/P8 + V — ¢+ = VG*BT.
In this case, the implicit relation (2.10) can be approximated by (assuming that ¢g + V > ¢r):

ms - ¢r

 —¢p—V
VG*B _WS_WP %kO’\/WS'i'(PT’eXp (%) + Agec (Cll)

Bearing in mind the exponential term is dominant for ¥ > ¢p + V, it is convenient to rewrite this
equation into:

2
Z/kOV(VG*B_II/s) _ _A
|:1+\/1+4/kP2'(V§B%) Vs acc

Ys=¢p+V +ms-¢r-In
ér

(C.12)

It is clear that 1 is strongly dependent on quasi-Fermi potential V and only weakly dependent on
gate bias V(5. In a first-order approximation we can assume that 1/, remains constant and equal to
¢ + V. Replacing ¥ in the right-hand side of (C.12) by ¢g 4+ V, we obtain:

2
2/ko-(Vip—¢B—V) bV A
[1+\/1+4/kp2~(VG*B¢BV)j| Z acc + &1

Vs~ ¢p+V+ms-ér-In
ér

(C.13)

where the extra ¢t in the logarithm has been added so that (C.13) equals (C.10) for the threshold
condition Vg = V(g . nonetheless, its influence overall is negligible. For an explicit calculation of
Y, however, the use of a constant value of ¢g + V in (C.13) does not give accurate results [9]. In
Fig. C.1 (b) at high values of V{ij, the surface potential seems to saturate at a value which is several
¢ higher than ¢ + V, and which is about 4 - ¢ for conventional MOSFETS. For 1y > ¢ + V, the
surface potential changes from ¢g + V at threshold to ¢g + V + 4 - ¢r at high gate bias values. A
simple empirical function * can be defined which realizes this change:

w*=¢B+V+ wsat_¢B_V (C14)

2
\/1 + (Wsal;ﬁ_v)

Here 1y is given by (C.10). In the logarithmic term in (C.13), ¢g + V can now be replaced by the
above function *:

2
2/ko (Ve =v*) A
|:1+\/1+4/kp2.(\/§8,/,*)i| ‘/f ace T ¢T

ér

Y X g+ V +mg-¢r-In (C.15)

where the quadratic term in the logarithm is dominant, and as a result, the above expression can be
further approximated by:

2
Y an) | s v A
|:l+\/l+4/kP2'(VéB—W*):| & e T 1

Y~ ¢pp+V +ms-¢r-In
o1

(C.16)
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As can be seen in Fig. C.1 (b), the above expression gives an accurate description of 1 in the whole
strong inversion region.

The above-derived approximate relations are only valid in their respective operation regions. An
accurate and C4,-continuous transition from accumulation to weak inversion and from weak inversion
to strong inversion is needed.

The accumulation approximation (C.6) is only valid for V3, < 0, and in order to ensure it smoothly
goes to zero for Vi > 0, we replace Vi by Vi — Vgg,, in the derivation of the accumulation
approximation. Here, the function Vgg, smoothly changes from Vi for Vi; < 0to O for Vi, > 0
by using a hyp-smoothing function, see Appendix A:

Vaber = hypy {Vig: €1} (C.17)
where € is a smoothing factor, fixed at a value of 2 x 1072, Using the above method, we obtain:

Acc - (VSB — VGBCff)

Vaee = > (C.18)
\/1 + (ACC'(V(%JFVGBCH))
2
(VE}kB - VGBeff - w:cc) /k02 - :cc + ¢r
Vsiee = —¢1 - 1In o (C.19)

In addition, to ensure that approximation (C.10) smoothly goes to zero for V3, < 0, we replace Vg
by Vi, in the derivation of the weak-inversion approximation, resulting in:

2

VPo - (Vasg + Buce) + ko?/4 — ko/2
Pp

wsat = - Aacc (Czo)

A continuous transition from weak to strong inversion can be acquired by replacing ¢ + V in (C.14)
and (C.16) by a smoothing function f; that changes from 1, in weak inversion to ¢g + V in strong
inversion:

J1 = Ysa — hyp {Vsar — 8 — V; €1} (C.21)
Using the above method, we obtain:

= f 4w N (C.22)

2
1+ (qud;fl)

[ 2/ ko (Vi —v*) ]2 — f1 — Apee + &1
) acc

Lo/ 1+4/kp? (Vg =0

ér

VY, = J1 +ms - ¢r-In (C.23)
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Figure C.2: (a) Surface potential v, (dashed line) and corresponding absolute deviation be-
tween the explicit solution (C.24) and the implicit solution (2.10) of surface
potential At (solid line) as a function of gate bias Vgg (n-MOS, V. = 0V,
Ny = 5 x 10m™3, Np - o0, t,, = 2nm and mg = 1). (b) Channel cur-
rent Ipg (dashed line) and corresponding relative deviation between the explicit
(approximate) and the implicit calculation (solid line) as a function of gate bias
Vos (W/L = 10um/10um, Vsg = 0V and Vpg = 0.1V).

The resulting expression is valid in both the weak and the strong inversion region, and goes to zero in
the accumulation region. The explicit approximation of surface potential can now be written as:

Vs = Vsiee T Ysiny (C.24)

As can be seen in Fig. C.2 (a), the above explicit formulation of v typically results in a maximum
absolute error of 2 mV with respect to the implicit solution (2.10). This, in turn, leads to a max-
imum relative error in channel current /pg of about 1.5% around threshold. Considering that the
statistical variation in electrical behaviour of transistors on different batches, wafers or even dies is
typically higher than this maximum value of 1.5%, we can conclude that the accuracy of the explicit
approximation is sufficient.
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D Quantum-Mechanical Effects

In modern CMOS technologies, the combination of a thinner gate oxide ., and a higher channel dop-
ing Ny results in a very high normal field at the Si-SiO,-interface, which in turns leads to a significant
bending of the energy bands at the interface. The resulting potential well can become sufficiently nar-
row so that the motion of carriers in the direction perpendicular to the interface is quantized. This
gives rise to i) splitting of the conduction energy band into discrete subbands and if) a displacement
of the inversion-layer carrier distribution from the interface [39]-[42], see Fig. D.1.

\ Classical

=
Sc =
Ee~ T
& N
A%
Gate Oxide Substrate y
(a) (b)

Figure D.1: (a) Energy-band diagram (in transversal direction) of an n-type MOS transistor
for Vgg > Vgg. In the quantum-mechanical picture, the energy specrum con-
sists of a discrete set of energy levels in the potential well (formed by the band
bending at the Si-SiO,-interface). The first energy level & does not coincide
with the bottom of the conduction band resulting in an energy difference AE.
(b) Electron density n(y) as a function of transversal position y for the classical
(dashed line) and the quantum-mechanical (solid line) case. In the quantum-
mechnical case, the average distance to the interface (y) is larger by an amount
of Ay compared to the classical case.

Concerning the first effect, quantum-mechanical self-consistent calculations show that energy sub-
bands of electrons and holes are formed in the different energy valleys. As indicated in Fig. D.1, the
energy spectrum consists of a set of discrete energy levels, where the first allowed energy level &
does not coincide with the bottom of the conduction band ¢, resulting in an energy difference AE.
Under the approximation of a triangular potential well, the energy difference A€ can be solved from
the Schrodinger equation resulting in [39]:

2 1/3 9 2/3 h-q-Es 2/3
se= () (gmam) =2 () .
S - TESi

where mg; is the effective electron mass in silicon normal to the interface, Z is the zero of the zero-
order Airy function (i.e., Zy ~ 2.32) and Eg; is the normal electric field at the Si/SiO;-interface.
From the above expression, it is clear that the spacing between the energy levels increases with in-
creasing normal electric field. As a result, in the weak inversion region, the splitting of the energy
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levels is small compared to the thermal voltage ¢, many subbands are occupied and quantum effects
are washed out. In the strong inversion region, on the other hand, the spacing of energy levels is large,
only a few subbands are occupied and consequently quantum-mechanical effects become important.
The energy difference AE effectively widens the bandgap for all temperatures, a larger surface po-
tential is needed for a given channel charge and hence the threshold voltage increases with respect to
the classical case.

The second quantum-mechanical effect to be taken into account is the different shape of the wave
function. The electron density n(y) has to vanish at the Si-SiO,-interface and the average distance
(y) to the interface increases by an amount of Ay compared to the classical solution, see Fig. D.1.
Assuming that only the first subband is occupied, we can write for Ay [39]:

2 A8 4r 2
~3

_g.CI'ESi Es;

AE
q - Es;

Ay (D.2)

It is clear that Ay decreases with increasing normal field Eg;. The displacement of the electron
distribution effectively increases the oxide thickness:

€ox
foxgy = fox + — - Ay (D.3)
€si

which results in a bias-dependent reduction of gate capacitance, especially for thin gate oxides.

Both of the above effects should be taken into account self-consistently in Poisson’s equation and
Gauss’ law. This is, however, quite complicated, and in order to simplify matters, both effects are
generally incorporated in the modelling of an effective bandgap widening A&, [37]:

A&y = AE+q - Esi- Ay (D.4)

The QM effects are accounted for by using a correction for the intrinsic carrier density:

oM _ _AEg/q) D.5
nZ" = n; exp( > o (D.5)

Using the above, the implicit surface potential expression (B.9) can be rewritten to (assuming that
mg = 1 for simplicity’s sake):

Vi — s — U\ 2 AE s
<—GB kli Wp) =Y+ or- [exp <—2'—3)/Tq> - €Xp (—%) - 1} (D.6)

+ ¢1 - exp (—m) . |:exp (— AEg/q) - exp <ﬁ> — 1]
ér 2-¢r ér
The impact of the quantum-mechanical effects on surface potential ¥ and on total charge Qg can be
seen in Fig. D.2. QM-effects result in an increase in || and a decrease in | O/, particularly in the ac-
cumulation and the strong-inversion region. It is clear that QM-effects cannot be neglected. Although
the above method results in an accurate implementation of QM-effects'®, its implementation is not

straightforward. It has been found that the increase in || can simply be compensated by adjusting
certain model parameters (such as ky and ¢g). In this case, the implementation of QM-effects can be

18Although the inclusion of both AE and Ay in an effective & results in an accurate description of surface potential Vs,
it nevertheless results in a slight overestimation of the depletion charge in the strong inversion (Qp ~ —kg - /¥s). This
does not lead to a significant inaccuracy.
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Figure D.2: (a) The surface potential ¥; and (b) the total charge density Q; as a function of
gate bias V3 with (solid line) and without (dashed line) quantum-mechanical
effects (calculated by (D.6)). (n-MOS, V = 0, Ny = 2 x 10®m™, Np =
1 x 10**m~3, tox = 3.2nm and mg = 1)

limited to the inclusion of the effective oxide thickness 7,y . in the model [41], which will affect both
I-V and CV characteristics. The /-V characteristics may still be compensated by adjusting certain
parameters (such as the mobility parameters), errors in gate capacitances, however, will still remain.
For an accurate charge modelling, we need to include the effective oxide thickness 7,y .

In the above derivation, it was assumed that the potential well has a triangular shape, which is a
somewhat crude approximation. A more accurate approximation can be found under the assumption
that only the first allowed subband has carriers in it. In this case, the energy difference AE can be
calculated to be [39]:

2/3 55
M:;.( 3.q-h )/. Qb + ¢ - Qinv
Si (

2 \2-6si- /msi Qb-i-%-Qinv)l/3
3 (3.q-h-Eg\"” 3 2/3

PORSA i Sl ) —g-2.0M- (¢ - E-)¥ D.7
) ( 2ﬁ > q 5 Q (681 etf) ( )

where Q M is a physical constant (Q My = 5.951993 V-m*/3/C?/3 for electrons and Q Mp = 7.448711
V-m*3/C?/3 for holes) and E.g is the effective normal field in the potential well, given by:

+ 1. in
Eefr = _M (D.8)
€si

Note that E.g is less dependent on inversion charge Qj, than Eg;, resulting in a slightly different
dependence of the QM-effects on back and gate bias. The effective oxide thickness increase Aty
(= tox.s — tox) can be obtained from (D.2) and (D.3) replacing Es; by Ee:

Aty 2 AE  Co Coe \'°
x _Z. =, o =QMtox‘< ° ) (D.9)
fox 3 g esi-Ee €si - Eefr
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where Q M, is equal to 2/5 - QM - Co 3. The above equation is used in the charge description as
used in Section 6.1.
For this case, the effective bandgap widening A&, can be recalculated according to (D.4):

€5 €gj - E ff 23
Ay = AE+q - Eefp- Atox - — =q - OMy, - (c—) (D.10)

EOX OoXx

where QM is equal to QM - Cox>’?. In case of gate tunnelling, see Chapter 5, the bandgap widening
can also be interpreted as an effective decrease in the oxide potential barrier A xg simply given by
A&, /q.
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E Charge Sheet Approximation and Its Impact

The total charge density Qg in the semiconductor, as given by (2.5) and (2.8), is the sum of the
inversion-layer charge density Qj,, consisting of electrons and the bulk charge density Qy, consisting
of holes and (positively charged) ionized impurity atoms. In order to find an accurate expression for
Oin, We need to integrate the electron density n as given by (2.2) over transversal coordinate y from
deep into the neutral bulk to the Si/SiO,-interface:

QinV:_q'/n'dy (El)

Bearing in mind that the transversal field E| is given by —d1//dy and using (2.2) for n, we can write:

s _ _
Or — —a No- / exp (I — ¢ — V1 /1) " E2)

0 Ey(y, V)

where, according to (2.5), Ey is given by (for Vi, > 0):

ko - Cox 4
et o [ (3 T e () o) oo

Unfortunately expression (E.2) cannot be solved explicitly. In order to obtain an explicit yet approxi-
mate expression for Qiy, often use is made of the so-called charge sheet approximation. In the charge
sheet approximation, it is assumed that the inversion layer is infinitesimally thin, in other words, it
is confined to a (charge) sheet. Under this assumption, the bulk charge density can be calculated
using (2.4) where the influence of electrons is neglected:

2
0y _q-Na ] |:1 — exp (_%)} (E.4)

dy? €si T

Integrating the above, Oy, can be obtained from Gauss’ law:

= ko Cox \/Ws + ¢ - [CXP <—ﬁ> - 1:| (E.5)
y=0+ o1

where Qy, is negative for Vi > 0 (i.e., inversion) and positive for V3, < 0 (i.e., accumulation). The
inversion-layer charge density Qj,y is now simply given by (for Vi > 0):

Qinv = Qs - Qb = _Cox . (VG*B - vfs - vfp _k() : \/vfs +¢T . |:eXP (_£> - 1] ) (E6)

Iy

= €g; + ——
Oy = €s; oy

The above expressions for Oy, and Qj,, can be subsequently used to derive expressions for the channel
current /pg, see Section 3, and the intrinsic charges, see Section 6.1. The impact of the use of the
charge sheet approximation on the calculation of channel current /pg and the intrinsic charges will be
discussed in Sections E.1 and E.2, respectively.
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E.1 Impact on Channel Current

Under the assumptions that the hole current as well as recombination/generation can be neglected and
that the current flow is limited to the x-direction only, the current equation and the continuity equation
in the MOSFET can be written as:

oV
h=—q-n-p-— (E.7)
0x
A
-0 (E.8)
0x

where J;, is the current density in the x-direction, and p is the carrier mobility. From the above,
integrating over y and z, it follows that the drain-source channel current Ipg can be written as:

aVv
X

For the moment, u is supposed to be bias and position independent, so that we can rewrite:

oV
Ips=—-W- - Q- — (E.10)
0x
Using the accurate expression (E.2) for Qj,, and integrating along the channel from source to drain,

we obtain:

W o ¥ exp (14— s — V1 /)
IDS__C,.I.M.NA./VSB /0 EGT dy - dV E11)

This double integral equation for Ipg is commonly referred to as the Pao-Sah model [43], it can only
be solved numerically. The double integral can be rewritten into a completely equivalent single inte-
gral [46]. This single integral, nevertheless, still has to be solved numerically, making the Pao-Sah
model unsuitable for use in circuit simulators.

The use of numerical integration is circumvented by reverting to the charge sheet approximation [44,
45], where Qy, and Qj,, are given by (E.5) and (E.6), respectively. In order to be able to inte-
grate (E.10) along the channel, we need to find a relation between dV and dy;. This can be done
using the implicit relation (2.10):

Vo) 2 V+ ¢n v
(i) =wror[on(55) = [roren (5550) oo () -] e

where Vox = Vi — ¥ — ¥, and v, is given by (2.9). The above expression can be differentiated
with respect to V resulting in:

ko? Ys—V—¢s
Y ms -exp( ms ¢t )

vV 2 1 v oV (E.13)
t [+ 7 e (B557) —exe ()| =2 Vo 52
Using the implcit relation (E.12), we can rewrite the above into:
8‘/ koz[l_exp<_£)]_2voxaa‘:;:
~ 1t ms ¢ (E.14)
aws V0x2 - k02 : (vfs + ¢T : [exp (_ﬁ) - 1])
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which in terms of Qj,, and Q} becomes:

W b So [WVor Qi G k" Con - [1 = exp (=5
GRVN ST Qi AN Qinv +2- Oy

(E.15)

This expression is still rather complex, but it can be simplified by noting that the second term between
the round brackets only becomes important when Qj,, becomes very small. As a result, the above
expression can be approximated by setting Q;,, = 0 in the round bracket term [44, 45]:

2 Ys
Vot mg-gr- S [ DV b 'C"X'[l_e"p(_ﬁ)]
oY, S 0\ v 20
Cox 9 Vox 1 0 . 0 Qinv
~ 1+ ms- - — ( G Qb)ZI_mS o1 S (E.16)
Qinv 0 WS Cox 0 WS Qinv 0 ws

Finally, replacing dV in (E.10) by di/s and using the ideal value mg = 1, we obtain:

a‘ﬁ ain
Ins = —p- W Q- ==+ p-W-gr-—=
X dx

= Larise + Laifr (E.17)

where we can distinguish a drift component /4 and a diffusion component Z4. The above expres-
sion (E.17) for Ipg is often reffered to as the charge-sheet model, and it is used throughout this report.
It has been found that the charge-sheet model predicts Ipg within 1% of that calculated using the
Pao-Sah model under most operating conditions [44].

E.2 Impact on Charge Model
In general, the dynamic capacitances Cj; of a MOSFET, defined by (6.5), are non-reciprocal, i.e.,
Ci; # Cji. However, at Vps = 0, the MOSFET is a passive device, and as a consequence its dynamic

capacitances Cj; are reciprocal (i.e., Cj; = Cj;) for this specific condition. Since at Vpg = 0, V =
Vsg = Vpp and ¥, = Y/, we can simply write for the total inversion charge Qy:

Omwv =0s+0p=W-L-Qjy (E.18)
and for the total gate charge QOg:
Oc=W-L-Q;=W: L Cu- Vi (E.19)

Making use of the accurate expression (E.2) for Q;,, and the implicit relation (E.12), it can be shown
that indeed:

Ceg = — = - = Cqc (E.20)

where Ccg (= Csg + Cpg) is the channel-to-gate capacitance and Cge (= Cgs + Cgp) is the gate-to-
channel capacitance. The same can be shown for Cgg = Cpg and Ccg = Cpc. The capacitances are
indeed reciprocal at Vpg = 0.
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Figure E.1: (a) The gate-to-bulk capacitance Cgg and bulk-to-gate capacitance Cgg, and (b)
the gate-to-channel capacitance Cgc and channel-to-gate capacitance Ccg as a
function of gate bias Vg for Vsg = Vpp = 0 as calculated with the charge sheet
approximation, cf. (E.5) and (E.6). The capacitances are not exactly reciprocal,
particularly in the stong inversion region, due to the use of the charge sheet
approximation. (n-MOS, Ny = 2 x 10%m™3, Np = o0, tox = 3.2nm and
nig = 1)

Making use of the charge sheet approximation (E.6) instead of the accurate expression (E.2), how-
ever, a slight difference occurs between Cj; and Cj;, see Fig. E.1. This difference particularly occurs in
the strong inversion region where Q;,, becomes non-negligible. The use of the charge sheet approx-
imation thus results in non-reciprocal capacitances at Vpg = 0, nevertheless, the difference between
Ci; and Cj; is almost negligible and as a result it is generally felt that the use of the charge sheet
approximation is allowed.
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F TImpact of Velocity Saturation

In this Appendix, the impact of velocity saturation on channel current and on the charge model are
investigated in Section F.1 and F.2, respectively.

F.1 Impact on Channel Current

In an n-type MOSFET, the influence of velocity saturation is given by (3.40), repeated here for the
sake of completeness:

per WO, B

Ips = — (E.D)
Mett  0Ys 2 ax
1+ (m . W)
This equation can be rewritten to:
* \2 2
Ips - dx = \/(Meff' W 05.) — (et /Vsar - Ips)” - dipg (F.2)
Bearing in mind that dQ;},, = —Ciyy - d¥, the above becomes:
2 2 dQ:kn
Tos v = = (e W+ ©3,) = (e /v Ios) - 2 (F3)
mv
which can be integrated from source to drain, resulting in:
1 2 Mett ?
Ipg=—— . £ W 0r ) — [ E2 g F4
DS > Co L O+ +/ (et 0ty) ( » Ds> (F4)
2 i
(% ’ IDS) 2 Hetf ? )
o In | —prerr- W Qf + [ (Herr - W+ OF) " — ( =. IDS)
Mett - W sat
Qi*nVO

The above relation gives an exact description of the impact of velocity saturation on the channel
current Ips. Unfortunately Ipg is only given implicitly, and it cannot be calculated analytically. In

order to simplify (F.4), we define AQ} = 1*nvL — ;"nvo = AQin. Next, using Qi*nvo = _1*nv —
AQf,/2and Of = _;"nv + AQ: /2, we can develop a third-order Taylor series of the right-hand

side of (F.4) around Ipg = O:

2
Heff % =
I A [heft - K . Q* X AQ;knv 4+ <vsa‘ IDS) .In 2 - AQinV/QinV (F 5)
DS eff L m Cinv 2 Ciy * Ueit+ W - L 2+ AQTHV/Q;;V ‘
from which Ipg can be solved:
2w Yo 0F LA
IDS ~ Meff L va W (F6)

B _ _
_ Heff . % . AQi*nv . 2_AQ;Knv/Qi*nv
T+ \/1 2 <v5m'l‘) Ciny Ciny In <2+AQ?nv/Qi*nv>
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The above equation can be further simplified by approximating the logarithmic term:

_ 3

2 — AO* * AQ: 1 AQOF

In Q:W/Q:W ~ _Q*mv . _Q*mv (F7)
2 + AQinv/Qinv Qinv 12 Qinv

resulting in:

2.’ueﬁ'%'QTnv'Aw
2 * 2
1+\/1+2.(l)i_fffL.A¢) .[1+1—12.(AQ%W)}
2',3'Q;an/COX'AI//
AOF \2
Gm0b+\/Gm0b2+2'(esat'A¢)2-|:1—{—é-( va):|

(F.8)

Ips ~ —

~
~

Qi*nv
where O, is defined as o/ (vsy - L).

F.2 TImpact on Charge Model

In order to study the influence of velocity saturation on the overall charge model, we study the impact
on the total inversion-layer charge Qv (= Qs + Op):

L
Ony =W / Qiny - dx (F.9)
0

Using (F.3), the above integral can be rewritten to:

L 2 Mett > do;
Omny =—W- / (O — &1 Ciny) [ (e - W - Q)" — ( 'IDS> : % (F.10)
0

Usat inv - IDs

Although the above integral can be analytically solved, it does not result in a transparent equation.
Therefore, we simplify the integral by developing the square root in a second-order Taylor series
around Ipg = 0:

2
Lt s .
Omy ~ . /L (Q;knv —¢r- Cinv) | Hetr - W Qi — <Usat > — | - Q% (F.11)
Ips Jo 2 pesr - W O3 Ciny
This integral can be easily solved, resulting in:
1% i W-0r - [2-05 —3.Cyy -
Oy ~ ) et va [ va n ¢T] (F.12)
2. Cinv 3. IDS
1P § . Qi
[ tex ] 1o - [ @, = é1+ Ciny - 1n (03]
Metf - w
Q;anO
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Using 0}, = QF, — AQ: /2 and Q}, = O, + AQ;}, /2, and replacing Ips by (F.6), we can

invg invy,

develop a fifth-order Taylor series of (F.12) around A Q% =

inv

5 1 AQr? 1
QINV%W'L.|:QTnv_¢T'Cinv+_‘¢+— (

2
[eft ) AQ:

= . 4 F.13
12 0r, 12 \vw L } E13)

’ 2 *
Cinv : Qinv

The impact of velocity saturation only appears in the fourth-order term, and can thus be neglected.
Using (6.9), the above equation reduces to:

~ A% AQ;knv 2 AQ;knv
O~ W-L-|0;, — &1 Ciny — c “Fi|=W-L-|Qiny— G - F (F.14)

which is exactly equal to the summation of eqs. (6.10) and (6.11), where velocity saturation has been
neglected.
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G Implementation of Series Resistance

In this Appendix, the impact of series resistance on the channel current and on the charge model are
investigated in Section G.1 and G.2, respectively.

G.1 Impact on Channel Current

In the presence of source (Rs) and drain (Rp) resistance, the internal bias Vg is unaffected, but the
internal bias values Vgp and Vpp are changed by a voltage drop across these respective resistors and
have to be replaced by:

Vs — Vsp + Ips - Rs G.1)
Vb — Vb — Ips - Rp )

Since a MOSFET is a symmetrical device with respect to source and drain, it is valid to assume that
source and drain resistance are equal (i.e., Rs = Rp). In order to determine the impact of series
resistance on channel current /g given by (3.42), the surface potentials ¥, and v, have to be recal-
culated using (G.1). This results in an implicit relation for Ips. To simplify the solution of Ipg, we
will focus on the superthreshold region where Ips and consequently the voltage drop across the series
resistance can be significant. In the subthreshold region, on the other hand, /pg will be small and the
above-mentioned voltage drop can be neglected.

In strong inversion, the surface potentials v/, and v are in a zero-order approximation (see Ap-
pendix C) equal to ¢g + Vsg + Ips - Rs and ¢ 4+ Vpg — Ips - Rs, respectively. Neglecting higher-order
effects, we can thus replace v/, and ¥, by:

Vs, — Vs, + Ips- Rs

G.2
Vs, — VY5 — Ips- Rs (G2)

In terms of variables v and Ay, we can write:
vV (G.3)

Aw —)AW—2-ID3-RS

This implies that variables such as, e.g., Qin\,, Ciny and Eg, which are only dependent on 1}, are not
affected by series resistance. Equation (G.3) can now be introduced in the expression (3.42) for Ips:

B O/ Cox - (AY =2 Ips - Ry)
Gtsat

Ips = (G.4)

where G7,, is the velocity saturation expression where the impact of series resistance has been taken
into account. In order to keep the derivation manageable, we use the simplified expression (3.44) for
Gysat'? and take a first-order Taylor expansion around Ipg - Rg = 0:

Gtsat = \/Gmob2 + esatz “(AY —2 - Ips - Rs)2

2-0u’ - AV - Ins- R
~ \/Gmob2 + (esat : A¢)2 - = 5 = s2 (GS)
\/Gmob + (Gsat : Alﬂ)

19The small difference between (3.44) and (3.45) is neglected here, see Fig. 3.8.
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2 Rg
~ Gvsat -2 Qsat : AW : IDS :

vsat

Equation (G.4) can now be rewritten to a second-order polynomial:

20’ Rs- A
2O R Y Gyt Gusa] - Tps 4 - 2 Ay =0 (G.6)
Gvsat COX
where:
Oh
Gr=-2-8-——"-Rs (G.7)
Cox
The solution to (G.6) of Ipg is simply given by:
B O
Ine = — L Zinv AW (GS)
7 G Cox
where:
Gvsat + GR GR ( esat : Al/f >2
Gt =———- |1+, /1—-4. . G.9
o 2 \/ Gvsat Gvsat + GR ( )

Using (3.44), we can rewrite Osat> - AY? as Gysar® — Gmob’, and as a consequence Gy, becomes:

G, G 4. Gr/Gy
Gt = M : |:1 + \/1 M (G'vsat2 - Gmobz)i| (G.10)

2 (Gysat + Gr)*

For reasons of simplicity, G, can simply be replaced by (3.45) instead of (3.44).
Note that, when the impact of series resistance on velocity saturation is neglected, equation (G.10)
reduces to:

Gtot = Gvsat + GR (Gll)

This approximate expression will be used in the calculation of the saturation voltage, see Appendix H.

G.2 Impact on Charge Model

The presence of source and drain resistance not only affects the (steady-state) channel current but also
has an impact on the charge model. We need to determine the impact of series resistance on the total
(intrinsic) charges QOp, Os, Qg and Qg given by (6.10), (6.11), (6.13) and (6.14), respectively. The
total charges can be written as a function of average charge densities, such as Qi*m, and Qg, and the
inversion-layer charge difference A Q7 . The average charge densities are only dependent on ¥, and
consequently, as pointed out in Section G.1, they are not affected by series resistance. Only AQ?  is
affected by series resistance. Using (G.3), we can write:

AQi, = —Cin - (AY =2 - Ips - Rs) (G.12)

inv
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which can be simplified using (G.7) and (G.8):

2.8.-0% -R G
AQ;knv = —Ciny - AW 1+ M = AQinv 1= R (G13)
Cox . Gtot tot

In MM11, we have approximated the function 1 — x by 1/(1 + x), resulting in:

AQ, ~ — (G.14)
I+ g%

Finally, to incorporate the impact of series resistance on the charge model, we replace AQ7  in
egs. (6.10), (6.11), (6.13) and (6.14) by the above expression for A Q%

inv*
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H Calculation of Saturation Voltage

In literature [35], the saturation voltage for short-channel transistors is usually calculated by defining
the saturated drain-source channel current to be equal to the product of the free carrier concentration
at the drain end and the saturated drift velocity:

IDSSm =-W- Qil’lVL * Usat

Here, Qiyy, is given by (2.13) where v, = v, and A, is neglected:

Qiny. = —Coy - 2- (Vo — V) — ko /Yy, (H.1)
LT+ 47k - (Vi — W)

In order to take into account the impact of series resistance on Qjn,, ¥ has to be replaced by

V¥, — Ips,, - Rs in the above relation along the same lines as done in Appendix G. Taking a first-order
Taylor series around Ipg,, - Rs = 0, we can write:

2. (vékB - 1/fSL)

QinvL = _Cox . > - kO RV 1;051“ + CinvL : IDSsm : RS (H2)
L1 4/ - (Vi — Uy
where:
8Qinv 1 kO
CinvL = - =V, = _Cox . + (H3)
Wi loims V18t (Vaa—v) 2 VP
The saturated channel current becomes:
2 (V=) T
W'Cox‘|: B - _k()' WS]'Usat
1/ 144 /kp2- (VL — L
Ips,, = Lk (G ¥a) (H.4)

1 +W- CinvL * Usat - RS

/1047 (V=)
esat + CinvL/Cox : QR/Z

8. [ 2-(Vép—Vs) ko - /¢SL]

On the other hand, the channel current Ipg is also given by expression (3.50). Equating (H.4)
and (3.50), an expression is obtained from which the saturation v value can be calculated:

_ . 2'(VGB*‘/’SL) — ko - / ]
/8 : Qi*nv ' (WSL - l»bso) _ ﬂ |:1+\/1+4/kP2'(VG*B_WSL) 0 I/ISL (H 5)
Cox : Gtot esat + CinvL/Cox : QR/Z .

where G is given by (G.9). Unfortunately /, cannot be solved analytically from the above relation.
In order to find an analytical and explicit expression for the saturation voltage, some approximations
have to be made.

If we focus our attention merely on the strong inversion region, we can approximate ¥, by ¢g + Vs
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and ¥, by ¢ + Vsp + Vps. In this case, at the saturation point, by definition the drain-source
bias Vpg is equal to the saturation voltage Vps . Furthermore, in strong inversion we will neglect
the diffusion component, and only take the drift component into account. In addition, the impact of
series resistance on velocity saturation is neglected in order to keep the derivation manageable. In
this case, according to (G.11), G, becomes equal to G g, + Ggr. Taking into account all of the above
approximations, we can rewrite (H.5) to:

B - Var - Vs, _ B - Vo, (H.6)
Gvsat + 9R . VGT esat + GR/Z . CinvL/Cox
where (Vig = Vi — Vsp):
_ 2 (Vi — ¢ — Vos., /2 7
Vor = (Vs — én — Vosu/2) —ko- \/¢B + Vsp + - Dstat (H.7)
L1+ 47k - (Vs — b — Vosa/2)
2- (Vs — 98 — Vbsa
Ver, = (Vs ) — ko - /o8 + Vs + Vbs,, (H.8)

L1+ 4/k? - (Vs — ds — Vos,,)

Expression (H.6), however, is still not analytically solvable for Vg, . For an infinitely long channel
the impact of velocity saturation and series resistance is negligible, and in this case the saturation
voltage Vps,, .. corresponds to the pinch-off voltage, given by (3.12). For short-channel devices, the
impact of velocity saturation and series resistance cannot be neglected, and the resulting Vps_, will
differ from the ideal case Vpg_, . If we assume that the difference A = Vps, — Vps,,., 15 only small,
we can simplify (H.6) by linearizing all variables around Vps, = Vpsg..:

— 2. V* _¢ -V satooz V ! S
Vor ~ (652 2~ Vs /2) —ko-\/¢B+VSB+%—%-A<H.9)
1 + \/1 + 4/kP : (Véks - ¢B - VDSsatoc/z)
Ex &5
e 7/ —-=-A
D) DSsatoo 2
2- V* - ¢B - VDSsatoc
1 + \/1 + 4/kP2 : (Vgs - ¢B - VDSsatoo)
~ =g A
where:
V.
g = o, OVor (H.11)
d VDSsaI VbSgat = VDSsato0

1 ko
= +
U7k - (Vas = 85 — Vos,n/2) 2 V08 Ven + Voo /2
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0 VGTL

- — H.12
9 VDS (12

Eloo =

VDS = VDSgatco

_ ! N ko
\/1 + 4/kP2 : (véks - ¢B - VDSsatoo) 2: \/¢B + VSB + VDssatoo

In order to keep the derivation manageable, we use the simplified expression (3.44) for Gysat??, Te-
sulting in:

2 0 Gvsat

Gvsat ~ \/G’mob2 + (Gsat : VDSSmOO) + - A (H13)

IVDS i Vs, =Vosaes

2
esat : VDSsam

\/Gmob2 + (esat : VDSsaloo)

= Gvsatoo + AR Gvsatoo + esat <A

2

Using (H.9), (H.10) and (H.13), we can rewrite (H.6) to

ﬂ : 5:0/2 : (VDSsaloo - A) : (VDssatoc + A) — _ﬂ : SIikoo ) A
Gvsatoo + Gsat <A + GR : 5:0/2 : (VDSSmo - A) est\t

(H.14)

where 6, = 05 — Or/2 - . We further approximate (H.14) by assuming &3 ~ &’ ~ 1, which

eventually results in a second-order polynomial:

Ocat 2 Or Ocat 2
> A"+ | Gysaroo + 5 VDSueo | - A+ > VDS =0 (H.15)
From the above equation, we can calculate an expression for A:

0% VDS
A= — sat DSsatco (H16)

0%,V 2
(Gvsatoo + 0R/2 . VDSsatOC) : (1 + \/1 - (_Gvgato::-QRD/SZS?%Sgawo)

Bearing in mind that Vps,, = Vps,,., + A, the saturation voltage can finally be written as:

14+ 1 = Agar?

A
Vs = Vbsgee - {1 - o } (H.17)

where:

3
esat i vDSsatoo

\/(;mob2 + (Qsat : VDSsatoo)2 + 6r/2 - VDS oo

Asar = (H.18)

It can easily be seen that expression (H.17) for Vpg,, reduces to Vps,,., for long-channel devices. In
Fig. H.1 (a), results from (H.17) are compared to results from the implicit relation (H.5) for n-type
transistors. The influence of velocity saturation results in a decrease in Vpg_, , whereas the influence of

20The small difference between (3.44) and (3.45) is neglected here, see Fig. 3.8.
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2 -
>
>
0
0
Vies (V) Vies (V)
(a) (b)

Figure H.1: Saturation voltage Vps, as a function of gate bias Vgs for (a) n-MOS and
(b) p-MOS. Symbols are calculated using the implicit relation (H.5) (where
Vbsw = Vs, — Vs, ), dashed lines are calculated using the approximation (H.17)
and solid lines are calculated using the more accurate approximation (H.19).
Results are given for the long-channel case (65, = 0, 6g = 0), a hypothetical
short-channel case where the influence of series resisance is negligible (6r = 0)
and a typical short-channel case. (Vgg = —1V, kg = 0.3V/2, ¢ = 1.0V,
kp — 00)

series resistance results in an increase. It has been found that the accuracy of (H.17) can be improved
by using the following empirical modification:

(H.19)

9 Asar }

1014+ V1 - Asar?

As can be seen in Fig. H.1 (a), this results in a somewhat better description, in particular for the case
where velocity saturation is dominant. Although the obtained accuracy seems not optimal, we have
to bear in mind that the use of saturation voltage is an artefact of the gradual channel approximation
and as a consequence, its definition is somewhat arbitrary. The obtained accuracy has been found to
be adequate.

VDS = VDSgieo - {1

For p-type MOSFETS, 6 is replaced by Oy, /(1 4 6o - Vis,,...2)/* along the same lines as indicated
in Section 3.3.2. In Fig. H.1 (b), results from (H.17) are compared to results from the implicit rela-
tion (H.5) for p-type transistors. Since the low-field mobility . of holes is typically about a factor
3 smaller than that of electrons (i.e., both 6, and 6y are three times smaller), both velocity satura-
tion and series resistance have less impact on Vpg, in p-MOS. Equation (H.19) gives an accurate
description of saturation voltage for p-MOS transistors.
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I Channel Length Modulation

The analysis of channel length modulation, as discussed in this appendix, is based on a pseudo two-
dimensional analysis as was first proposed in [83] and subsequently modified by others who also took
into account the shape of the source/drain structures [157]-[161].

When Vpg is increased beyond Vps,,, the velocity saturation point moves towards the source, causing
effectively that the channel length L is shortened by a length AL. This movement is referred to as
channel length modulation, and it effectively causes the conductance to be non-zero in the saturation
region. An accurate calculation of AL is needed, but this is not easily accomplished, owing to the
fact that it requires a two-dimensional solution of Poisson’s equation for the channel saturation region.
The pseudo two-dimensional analysis is based on the application of Gauss’ law to a specific area at
the drain end of the channel. In order to get an explicit solution of AL, the shape is assumed to be
rectangular, see Fig. I.1.

Vs
Vs Vb
a b’| b
Source - Drain
LT T T T T i W
‘ Esat Ex EXLL
|
R b E,I v
| d. ¢ L c
i o E =0
i —>. 7
| X" |
| |
| y!
J L-AL Y R e ——

Figure I.1: Cross-section of an n-type MOS structure used for pseudo two-dimensional
analysis of channel length modulation AL.

Here, y; is the depth of the box, which is taken to be so large that the normal electric field Ey at the
boundary c-d can be assumed to be zero. The lateral electric field E, is the electric field for which
the carrier velocity saturates, and it is assumed to be bias independent. The channel length modulation
AL is simply given by:

AL WY Yy
AL = dx’:/L&:/Ld"“ (1)
0 Ve OV /ox’ v —Ex

Ssat

where v, is the surface potential at the saturation point (i.e., x’ = 0) and 1, is the surface potential
at the drain junction. In order to solve (I.1), an expression for lateral electric field Ey in terms of
has to be found. Applying Gauss’ law to the volume with sidewall a-b’-¢’-d and unit width W, we
can write:

e Y ek S B )
_+Esat d)’+ _'on'dx=_’ (Q'NA'yl_Qinv)'dx (12)
0 0 €si Jo

ox’ €si
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where the electric field E, at the Si-SiO,-interface is given by Q,/e€qx. If it is further assumed that
the distribution of longitudinal field 31 /dx’ over y in the space-charge region does not vary with x’,
we can write:

Y1
/O Wody =iy 2V (1.3)

ox’ ax’

where « is a parameter depending on the distribution of the space charge, e.g., « = 1/3 for a parabolic
distribution. Using this relation in (I.2) and differentiating both sides with respect to x’, we get:

%Yy 1
8)6/2 a K - €si* Y1

(Q¢ —q - Na-y1+ Qi) (1.4)

Next, realizing that:

92 10 [0y’
vf; =_. Vs 1.5)
ox’ 2 0y \ 0x/
we can integrate (I.4) resulting in:
Ex 5 2 WS
[ am = e [ (0= N+ ) (1.6)
Esat® K-€si V1 Jyg,
Here, the gate charge density Q, given by (2.17) can be approximated by:
Qg ~ Qgsal - Cgsat : (ws - liyssat) (17)
where:
2 (Vi —
Qgsa[ — C()X . ( GB wssat) (1'8)
L1+ 47k - (Vi — ¥)
0 1
Cgsat == an = COX : (19)
oo =\ G v
Expression (1.6) can now be solved, resulting in:
Cy., 2
2 EP =22 (o= Ye) + B (¥ —¥,) +C (1.10)
0Xx
where:
le =+/Kk-€si-y1/Cox
B =-2-(Quu—q Na-y1)/Cox (L11)

Cc = lcz ' Esat2 -2 f‘//SZa[ Qinv/cox : dws
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The expression (I.10) for E can be introduced in the expression (I.1) for AL:

g v,
AL =1, / : (L12)
‘/’ssm \/Cgsat /COX : (llbs - lpssau) + B : (llbs - lpssau) + C

The above integration can only be evaluated in closed form when the coefficient C is independent
of Ips. Therefore, in most evaluations it is assumed that Q;,, ~ 0 in the saturation region, so that
C reduces to Eg,” - I.>. Furthermore, y1 is often assumed to be equal to the depletion width at the
saturation point /2 - €s; - Vs, /¢ - Na, in which case B reduces to zero. Under the above assumptions,
equation (I.12) reduces to the following expression:

lc | WSL - wssa[ + \/(WSL - wssa[)z + Cox /Cgsat : Esat2 : lc2

— . In
Cgsat/COX v/ COX /Cgsat : Esat ' lc

In order to further simplify the above equation, we approximate v by Vps,, + Vss + ¢ and ¥/, by
Vbs + Vs + ¢p. In addition we neglect the impact of the poly-depletion effect (i.e., Cy, /Cox = 1),
and as a result (I.13) reduces to the commonly used expression:

AL = (113)

VDS - VDSsat + \/(VDS - VDSsat)2 + Esat2 : lc2

AL =1[.-In
Esat : lc

(L14)

In view of the numerous simplifications made to obtain (I.14), Eg, and /. are often considered as
empirical parameters and we finally obtain:

2
AL Vbs — Vbs, + \/ (Vbs — Vbs,)™ + Vp?
— =w-In
L Ve

(L15)

where o and Vp are model parameters, and « is inversely proportional with channel length L.
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J Derivation of Gate-Induced Drain Leakage Equation

Gate-induced drain leakage occurs for negative gate-drain bias Vp when a depletion region is formed
underneath the gate-to-drain overlap region, a high transversal field is created in the depletion region
and electron-hole pairs are generated by the band-to-band tunnelling of valence band electrons into
the conduction band, see Fig. J.1. For an accurate description of GIDL, a precise expression of band-
to-band tunnelling in the depletion layer is needed.

gcr'\ A

Sy
q-Veo

Gate Oxide Drain

Figure J.1: Energy band diagram of gate/oxide/drain-extension structure for Vgp < 0.
Electron-hole pairs are generated by tunnelling of valence band electrons into
the conduction band resulting in a leakage current between drain and bulk, gen-
erally referred to as gate-induced drain leakage. Only valence band electrons
between energies £; and &, can tunnel to the conduction band, and as a result,
no tunnelling occurs for the case where £, > & (i.e., —q - ¥, < &).

A general theory of band-to-band tunnelling has been developed in [163]-[167]. Under the assumption
of a constant electric field £ in the tunnelling direction, an expression for the tunnelling current
density per unit energy dJggr/d€ can be obtained:

dJBBT
d€

x E°-D(E,E) -exp (—%) J.1)

where B is determined by physical constants and proportional to 5g3 /2, and £ is the energy of the

incoming electron. In [163], it can be found that o = 1 for direct transitions and o = 5/2 for indirect
transitions. Since silicon is an indirect semiconductor whose direct bandgap is much larger than its
indirect gap, indirect transitions including electron-phonon interaction are predominant and we use
o = 5/2. In the above equation, the function D(E, £) accounts for the fact that only valence band
electrons between energies £; and &, can tunnel directly to the conduction band, see Fig. J.1. For
&1 < € < &, the function D approximately equals unity. For £ < & or £ > &,, on the other
hand, the function D equals zero. The tunnelling current density Jggr can now be calculated by
integrating (J.1) over energy from & to &, (i.e., the shaded area in Fig. J.1):

& B
JBBTO(/ EU-D(E,E)-CXP (——) -d& (J2)
& E

The electric field £ in the depletion layer is not constant. In order to perform the above integration, we
need to replace d€ by —¢g - dyy and subsequently transform it to an integration over E (= —dv/dy).
The resulting integral can, however, not be solved analytically, although an approximate solution can
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be obtained [164]. The latter results in a quite complex equation.
In most papers on GIDL, nevertheless, the current density Jgp is based on [162] and simply assumed
to be given by:

5 B
JT X Eoy” - €XP (——) J.3)

tov

where Eoy is the maximum electric field in the overlap region, and B is again a parameter theoreti-
cally proportional to 5g3/ 2. Since the field dependence of Jg is dominated by the exponential term
exp(—B/Ey), the quadratic field dependence of the prefactor E.’ is not that important and conse-
quently the use of approximation (J.3) is allowed.

The maximum electric field E\,, occurs at the Si/SiO,-interface and consists not only of a (dominant)
transversal component Ey, simply given by —Q,,/€s;, but also of a lateral component Ex. An expres-
sion for the lateral component in the overlapped drain extension is hard to come by. Empirically, we
assume this component is constant along the x-direction and proportional to the voltage drop Vpg.
The maximum electric field E,,, can now be written as:

Cox
EO . \/‘/ov2 + (C : VDB)2 (J4)
Si

Etov =

where C is an empirical parameter.
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K Derivation of Gate Current Equations

K.1 General Formula for Gate Current Density

In a typical MOS structure, three major tunnelling mechanisms can be distinguished, namely, electron
conduction-band tunnelling (ECB), electron valence-band tunnelling (EVB) and hole valence-band
tunnelling (HVB), as illustrated in Fig. K.1. ECB tunnelling is the most important mechanism for an
n-type MOSFET, whereas HVB tunnelling is most important for p-type MOSFETs. EVB tunnelling
only occurs when the band bending is so strong that part of the valence band in the substrate silicon
overlaps the conduction band in the gate polysilicon, see Fig. K.1, or vice-versa. In other words it
occurs for Vox > & /q ~ 1.15V, and since the supply voltage Vpp is 1.2 V or less for technologies
where gate tunnelling becomes important, EVB tunnelling has been neglected in MOS Model 11.

Gate Oxide Substrate

Figure K.1: The energy-band diagram of an n-MOS in inversion (V; > 0) where xg, and
xBp are the oxide potential barriers for electrons and holes, respectively. The
three major mechanisms of gate dielectric tunnelling are indicated: electron
conduction-band tunnelling (Jgcg), electron valence-band tunnelling (Jgvg)
and hole valence-band tunnelling (Jyvg).

In the first instance, focusing on the ECB tunnelling in an n-MOSFET in inversion (i.e., V3g > 0),
the gate current is caused by electrons tunnelling from the inversion layer to the gate. Assuming that

the electrons in the lowest energy subband determine the tunnelling current, the gate current density
Jg can be given by [118]:

JG =6- Qinv : Ptun (Kl)

where 6 is the fraction of electrons in the inversion layer residing in the lowest energy subband and
Py 1s the transmission probability per electron per second. In the case of direct tunnelling, using the
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WKB-approximation, the transmission probability Py, can be given by:

Mox | AE

2 msi  q-xg AE fox
Pum:Z3/2-1+mﬂ‘A_Bg-7-exp|:—2-/ k(y) - dy (K.2)
0 msi - q-xp 0

where Z is the zero of the zero-order Airy function defined in (D.1), mx and mg; are the effective
electron masses normal to the interface in silicon and silicon-oxide, respectively, k(y) is the wave
vector and g is the effective oxide energy barrier:

) AE
XB = XB — 7 (K.3)

Here, x3 is the oxide potential barrier between the conduction band of the silicon and the silicon-oxide
(i.e., xBy), and A€ is the energy of the lowest subband energy level with respect to the conduction
band given by (D.1). Assuming that A < ¢q - xg, and bearing in mind that Eg; = € /€si - Eox, W€
can approximate (K.2) by:

q €ox 2 - Moy fox
Py = C— -Eox-exp|—2- k(y) - dy (K.4)
msi €si q-XB 0

The exponential term is the WKB approximation for the tunnelling probability. For parabolic dis-
persion, we can write k(y) = /2 - mqy - £(y)/h where £ is the positive energy measured from the
tunnelling electron’s energy level to the bottom of the SiO, conduction band. The integral in the
exponential term can now be written as:

3/2
_%.[1—(1—%) ] for: Vox < xs

fox
-2 / k(y)-dy = (K.5)
0
7 for: Vox > xs
where B is the probability factor given by:
4 J2-q-me
B=g T e (K.6)

In (K.5) a distinction can be made between the direct-tunnelling regime (i.e., Vox < xB,) and the
Fowler-Nordheim regime (i.e., Vox > xsy). For practical conditions in a typical MOSFET, only the
direct-tunnelling regime is of importance.

Since holes have a different effective mass mx and a different oxide potential barrier xg,, the ex-
pression for tunnelling probability Py, generalized for both elecrons and holes is a function of oxide

voltage V,x, oxide potential barrier xg and probability factor B:

B Vi 3/2
Pun (Vox, x8, B) = A - Vo -exp | — v 11— <1 — p ) (K.7)
0ox B

where A is theoretically given by:

Cox 2 - Moy
A = 4 Lox Mo .0 (K.8)
msi  €g;j q - XB
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The general expression for the gate current density is given by:
JG =q'N’Ptun(VOanB,B) (K9)

where N is the number of mobile carriers per unit area.

K.2 General Formula for the Source/Drain Partitioning of Gate Current

In order to derive the partitioning of the gate-to-channel current /¢ into a source component /gs and
a drain component Igp, the following coupled differential equations have to be solved:

ov
Ips(x) = g(V).E (K.10)
OIps(x) W o) K.11)
ox

where Ipg is the channel current, V is the quasi-Fermi potential ranging from Vsg at the source side
to Vpg at the drain side, Jg is the gate leakage current density (in A/m?) at a certain position x along
the channel and g(V) is the channel conductance given by:

gV)=—pu(V) - W- Qiny(V) (K.12)
Since the gate leakage current density Jg is a complicated function of the quasi-Fermi potential V,
see K.9, the coupled equations (K.10) and (K.11) cannot be solved analytically. Nevertheless, an

expression for the source/drain partitioning of the gate-to-channel current can easily be derived. Let
us consider the case where Jg = 0. In this case, eqs. (K.10) and (K.11) can be solved, resulting in:

Vix) = W) (K.13)

1 VbB
Ips(x) = Iy= iR / g(V)-dv (K.14)
\Z

SB

where ;) is independent of position x, and is given by the conventional MOS channel current descrip-
tion, see Chapter 3. Next, let us consider the case where Jg 7# 0, we can write:

Vix) = Vox) +v(x) (K.15)

Ips(x) = Iop+i(x) (K.16)
where v and i are the corrections on the initial solution. The boundary conditions are given by:

v(0) =v(L)=0 (K.17)

As a consequence, from (K.10) and (K.14), we can find:

L Vbe
/ (Io—i—i)-dx:/ g(Vo+v) - d(Vo+v)=1I- L (K.18)
0 \%

SB
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which results in:

L
/ i-dx=0 (K.19)
0
For the source/drain partitioning, the required solutions are:
Igs = i(0) (K.20)
Isp = —i(L) (K.21)

Using (K.14), equation (K.11) can be simplfied to:

O W) (K.22)
ox

which, integrating from O to x, can be rewritten as:
i(x) —i(0)=-W / Jo(x) - dx (K.23)
0
This equation can be integrated fromx =0tox = L:
L L L px
/ i(x)‘dx—/ i(O)-dx:—W-/ / Jo(X) - dx - dx (K.24)
0 0 o Jo
which can be simplified using (K.20) and (K.19):
w L X
s = _./ / Jo(®) - d - dx (K.25)
L Jo Jo

The double integral is of the form fOL G(x) - dx, where G(x) = fox Jo(x) - dx. Applying integration
by parts to fOL G(x) - dx, with G and x the two variables involved, we can rewrite (K.25) as:

L
X
Ios = W /O [1 _ Z] Jg(x) - dx (K.26)

Since the gate-to-channel current /¢ is given by:

L
IGC =W- / JG(X) - dx (K27)
0

the gate-to-drain current Igp (= Igc — Igs) can be written as:

L
Iop = W / %-Jg(x)-dx (K.28)
0

Note that (K.26) and (K.28) are similar to the Ward-Dutton scheme for the charge partitioning of Qg

and Op.
The above-derived partitioning scheme for the gate-to-channel current has been published in [14].

Shih et al. have shown that the above partitioning scheme can also be derived using Green’s function
technique [168].
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L. Auxiliary Derivations for Integration along the Channel

In the derivation of the gate current model, the charge model and the noise model, certain electrical
variables have to be integrated along the channel. In order to so, we need to rewrite dx and x in terms
of surface potential ¥ or inversion-layer charge density Q.

From (2.20), we find 0 Q;,y = —Ciyy - 9V, and as a result the equation for channel current (3.1) can
be rewritten as:

90" w0 W

Ioe = - W . =v  “=iv 0 =W AgF — L 0OF LA L.1

DS I’L Cinv 8)(: M L Cim, Q]nv I’L L Q]nv w ( )
where AQ? = QTHVL - Q;ﬁwo. From (L.1), neglecting the influence of velocity saturation, one can
easily derive that:

& _ Qi _ i 0 o)

L inv A inv inv Avf
and one can furthermore deduce that:

x Qi O

/ Ips-dx =p-W- =W . dQf, (L.3)

0 Qi*nvo Cinv
resulting in:

X folosde 1 Qh 4 Qhy, Qh— O

—= = —. 0. 0 (L.4)

L fOL IDS -dx 2 _;knv AQ;knv
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M Derivation of Thermal Noise Expressions

M.1 Derivation of General Thermal Noise

In this section, we will present a detailed derivation of formula (7.97) in [35]. As a starting point for
this calculation, we use the following equation, a derivation of which is found in [152, 153]:

1 L
Sl(f):ﬁ'/ Srax(x, f) - Ax - dx (M.1)
0

where S; ax(x, f) is the current noise associated with an infinitesimal part of the inversion channel at
position x, having a width Ax. This formula is valid when the current noise sources, associated with
different positions x in the inversion channel, are uncorrelated. This is usually assumed to be true for
thermal noise.

It is well known that a resistor R exhibits thermal noise, given by:

4-kg-T

Si(f) = QR (M.2)

Consider now a piece Ax of a MOSFET. The current through this piece of MOSFET is given by:

AV
Ips = g(x) - ™ (M.3)

where AV is the potential drop over the section Ax, and the channel conductance g(x) is given by:

g(x) = —p(x) - W Qiny(x) (M.4)

From (M.3), we find that this piece of MOSFET has a differential resistance Ax/g(x). Apply-
ing (M.2), this differential resistance exhibits a thermal noise spectral density given by:

4-kg-T-g(x)

Srax(x, f) = A—x (M.5)

Thus for thermal noise, the basic formula (M.1) may be rewritten as:

4. kg-T [F
SID(f)ZT'/ g(x) - dx (M.6)
0

This is equation (7.95) in [35], which can be rewritten in a more convenient form. The integration
over x is replaced by integration over the quasi Fermi-potential V using (M.3). Now, we arrive at:

4-ky-T %5
SID(f)Zm'/O g (V)-dv (M.7)

This is equation (7.96) in [35], it is valid both in all regions of operation.

M.2 Impact of Series Resistance on Thermal Noise

The thermal noise as calculated by (7.29) has been calculated including the impact of velocity satura-
tion and neglecting the impact of series resistance. In order to include the latter, we need to consider
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Vgqsi 1/g4
WA AN
Rq 8mi'VGs R 8m"VGs
o W—o—O)—o—\W—o o +— O 0
Smbi'VBs 8mb'VBs
_©_
Lgi Iy
(a) (b)

Figure M.1: (a) The MOSFET with external series resistances and the equivalent small-
signal model, where conductance gqs; = d/Ips/9 Vs, transconductance g, =
dIps/0Vgs and substrate transconductance gm,; = dIps/0 Vps are used. The
thermal noise source ig; only incorporates the impact of velocity saturation. (b)
The MOSFET with internal series resistances and the equivalent small-signal
model, where 8ds = SIDS/S VDS, 8m = 81[)5/8 VGS and 8mb = ale/a VBS are
used. The thermal noise source iy incorporates both the impact of velocity
saturation and series resistance.

the MOSFET with external and internal series resistances, see Fig. M.1 (a) and (b) respectively. Of
course, in reality, the drain and source series resistances are also subject to thermal noise. This ther-
mal noise, however, is neglible, and both series resistances are consequently considered noiseless.
As mentioned in Fig. M.1, the thermal noise source ig; only includes velocity saturation and its spec-
tral density Sy, is thus given by (7.29):

4.kg-T B _ Cin’ - Aes”
Sty = ﬁ : [—C—G (%ﬁﬁ — O Ips - Aegr (M.8)

where we have simply replaced the variable Ay in (7.29) by A given by, see Appendix G:

O - Qiknv
AYer =AY —2-Ips-Rs =AY - | | = ——— (M.9)
Cox : Gtot
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In order to calculate the spectral density Sy, of noise current iy, we need to calculate the small-signal
channel current ipg. Using the MOSFET with external series resistances, we can write:
Uss/ UDpD/

Ips = —— = &dsi * V'S’ + &mi - UGS’ + &mbi * UBS' + idi = —— (M.10)
Rs RS

Eliminating vy and vy, we obtain:

: &dsi * VDS + &mi * UGS + gmbi * UBS + Ldi
Ips = (M] 1)
I+ (2 gasi + &mi + &mvi) - Rs

Using the MOSFET with internal series resistances, the small-signal current ipg can be calculated as
well:

Ips = &ds * UDps + &m * VGs + &mb - UBs + g (M.12)

Comparing (M.11) and (M.11), we can write the external quantities gqs, gm» gmp and i4 in terms of the
internal quantities gasi, mi> mbi and iq;:

8dsi

8ds = (M.13)
* I+ (2 gasi + &mi + gmbi) - Rs
gm = Emi (M.14)
I+ (2- gdasi + &mi + &mvi) - Rs
&mbi
gmb = (M.15)
" I+ (2 gdasi + &mi + &mvi) - Rs
iy = Ldi (M.16)

I+ (2 gdsi + &mi + &mvi) - Rs

The latter equation can also be written in terms of the external quantities gqs, gm and gmp:
ig=1[1—(2-8as+ &m + &mb) - Rs] - iai (M.17)

In the above, we can approximate the term 2 - g4 + gm + &mb by 2 - B/ Cox - Q;"nv / G resulting in:

) B O ) Gr | .
~l1=-1[2. CE ) R iy = |1 — i M.18
1 [ ( Co G ) 5|M G| ' (M.18)

Furthermore, approximating G by Gysa + Gr, We can rewrite the above into:

G,
g~ (M.19)

tot
Using the above expression and (M.8), the spectral density Sy, can now be calculated to be:

Cin” - AVrete®
120

inv

4"kB'T'Gvsat2 :3
M Gl Gul | o
mob * Ytot (O3

: Gvsat : (Qinv + ) - Gsatz : IDS : Aweffi| (Mzo)

It has been found that this equation can be approximated by:

4-kg-T B Gy’ | = Cin? - AY? 5
Sty R — —— - | — —_— vt —————— | — 6" - Ips - A M.21
Ip Gmob2 |: Cox Gt Oinv + 12. 0" sat DS W ( )

inv
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