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* Review of the main compact modeling 1ssues
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SOI MOSFET modelling

¢ Utilisation of models for technological and
performance predictions
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Introduction

¢ MOSFET scaling trend in near future will not be as straightforward as it
has been in the past because fundamental material and process limits are
imminent.

¢ In order to reach below the 32 nm technology node, implementation of
advanced, non-classical MOSFETs with enhanced drive current and
acceptable control of short channel effects are needed.

¢ Advanced thin-film SOI MOSFETs (e.g., single or multiple-gate
MOSFETs) are very promising structures for the downscaling of
MOSFETs below the 32 nm technological node.



Introduction

¢ Thin film Fully Depleted SOI MOSFETs offer important
advantages over Partially-Depleted SOI MOSFETS:

= Lower body factor Higher saturation current
= Better subthreshold slope Smaller mobility degradation
= Reduced short-channel effects
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Introduction

¢ The non-classical multi-gate devices such as Double-Gate (DG)
MOSFETs, FInFETs or Gate-All-Around (GAA) MOSFETs show an
even stronger control of short channel effects, and increase of on-
currents taking advantage of volume inversion/accumulation.
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» Necessity to reduce the gate length while maintaining a good

electrostatic control and controling the leakages
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Introduction

» Necessity to control the gate length while maintaining a good

electrostatic control and controling the leakages
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Junction leakages

Subthreshold leakages
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Introduction

B Isolate the electrically active layer from the bulk
B SOOI (Silicon On e —

Junction leakages

Subthreshold leakages
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with SOI:
v Reduced parasitic effects — reduction of

source/channel and drain/channel capacitances

v’ Better electrostatic control

i [SOI allows to continue further the downscaling ]
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Silicon Substrate

» Two conduction channels

‘Planar double-gate’ architecture

» But self-alignment of the gates
required to maintain Double-gate
advantages

B idea of vertical gates:
FINFET type transistors

» Double-gate transistor

> Excellent electrostatic coupling:
r
v' Short Channel Effects

(SCEs) reduction
v leakage currents
_reduction

i <

Silicon Substrate

Gate misalignment
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» FinFET: vertical Double-gate

> Triple-gate (plus avatars NFET

%
Hard : » Quadruple-gate (or GAA),
mask plus Surrounding-Gate FET

FinFET

Triple-gate

source
Quadruple-gate
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Introduction

¢ The availability of accurate compact models of Multiple-
Gate MOSFETs 1n integrated circuits 1s critical for the
future design of circuits using those devices

¢ Circuit design requires a complete small-signal model, with
analytical or semi-analytical expressions of:
" Current
= Total charges
" Transconductance and conductance

= Transcapacitances
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Introduction

* Requirements of a suitable compact model:

Analytical or semi-analytical expressions of the channel current and
the small- and large-signal parameters

Expressions valid in all operating regimes, with continuous
transitions between the different regimes

Parameters should contain geometry dependences
Easy parameter extraction should be possible

Accuracy of the expressions and their derivatives, up to the highest
possible order
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Introduction

* Usefulness of compact models:

Circuit design using models implemented in circuit simulators and
EDA tools

Technology: Simple tool for technologists and designers to predict
device performances as technological parameters are being changed
or downscaled

Characterization: Compact models allow to easily extract their key
parameters, which account for the main effects affecting device
performance

Education and training: Easy way to explain the physics and
performance of semiconductor devices, at least containing the major
effects
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General Electrostatics

The good electrostatic control of the channel by the gate in ultrathin
body MOSFETs (full depletion in subthreshold, 1.e., no punchtrough)
allows to use undoped or lightly-doped Si bodies. Mobility is higher in
undoped bodies than in doped ones.

In ultrathin body MOSFETs, a proper description of the electrostatics
should take into account the effects of both dopants and charge carriers.

In FD SOI MOSFETs the Si film 1s fully depleted, while the front and
back interface can be inverted, depleted or accumulated

= The practical case is: front interface inverted and back interface
accumulated

In Multi-Gate MOSFETs, the Si body can be fully inverted or
accumulated (volume inversion or accumulation)
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General Electrostatics

¢ Generally, in single or double-gate SOI MOSFETs the electrostatic
potential in the semiconductor body, ¢(x,y), is given by Poisson’s
equation:

1% (x,9) = }(Na + n)

¢ where x and y are the direction parallel and perpendicular to the gate,
respectively, and N is the acceptor doping density in the silicon body

(n-channel device), n is the electron density and ¢ 1s the dielectric
permittivity of silicon.

20



General Electrostatics

If we consider that the device is in quasi-equilibrium (which is
consistent with the drift-diffusion transport mechanism), and we neglect

quantum confinement, the electron density becomes:
2 . .
n= "¢ 1n the doped device and
n= med in an undoped device.
Here,” 1s the intrinsic carrier density in silicon, V, is the thermal voltage,

and ** is the non-equilibrium quasi-Fermi level referenced to the Fermi
level in the source. It satisfies the following boundary conditions:

0r0.9=0 " at the source and ?r(-»=">s  at the drain, where V. is the
drain-source bias.
The corresponding boundary conditions for ¢ are:
¢ (0,y)=V, O (L,y)= Vit Vi
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General Electrostatics

¢ In addition, the boundary conditions for at a given silicon-insulator

interface 1s: 14 (x,7)

0y

Coi(Ves = O~ 0 (X,1))= € =0

¢+ where C . =¢ /t . 1s the gate insulator capacitance per unit area, ¢ and
t . are the insulator permittivity and thickness, respectively, ¢, is the

ox1

silicon body thickness, 7 1s the gate-source voltage, ¢ . 1s the gate work
function referenced to the silicon body, V, is the built-in voltage
between the body and the source or drain contacts, and Q, is the total

charge sheet density (per unit area of the gate) controlled by the vertical
field at the i-interface .

¢+ The above equation arises from the continuity of the normal component
of the displacement vector across interfaces.
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General Electrostatics

¢ In general, multiple gates with different properties

and/or gate biases, require separate boundary
conditions.

However, for a symmetrical DG MOSFET, we have
the following additional boundary condition at the
center plane: T

0y

=0

»=0

The same boundary condition (referred to the field in

the radial direction) holds at the axis of a cylindrical

GAA MOSFET
09
Ir

=0
r=0
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1D models

The first step to develop a compact model 1s to consider a well behaved
device, with good electrostatic control by the vertical field (from the gate)
and where the derivative of the lateral field in the direction of the channel
length can be neglected compared to the derivative of the vertical field in
the direction perpendicular to the channel.

¢ This is the gradual channel approximation, and simplifies the electrostatic
analysis.

This leads to neglect the short-channel effects

In thin-film SOI MOSFETs, we expect that a long-channel device model
can be applied to significantly shorter channels than in standard
MOSFETs

¢ We also have considered an n-channel device, with acceptor doping or
with no doping. The hole concentration can be neglected in the normal
operation regime.

= Of course, our analysis can easily be extended to p-channel devices
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1D models: doped SOI MOSFET

¢ In a doped thin-film SOI MOSFET:

0 9 | _ 0
Coler) . [y gl )= Lo 2O
dy? €si £si H Ny H

¢ The surface electric field can be written in terms of the mobile charge
density (in absolute value) per unit area at each interface, Q, and the
depletion charge density per unit area (in absolute value) Q, =qN,tg (t;

being the Si film thickness) whatever x:

QDep
] O(x) S

Eg(x) Y
1
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1D models: FD SOI MOSFET

¢ This 1D Poisson’s solution cannot be solved analytically

* In Single-Gate FD SOI MOSFETs an analytical solution, valid for all operating
regimes, 1s possible with the following assumptions:

= Back interface in depletion (practical case)

= Charge sheet approximation (the channel has an infinitesimal thickness compared to the
thickness of the depleted region, i.e., the Si film)

Com g8t w1 G
C ox c |\C_ +C
Q(xl: CaxfEVGF “ V- zgif - iEVGB “ Vi t 2?; %' a¢ S(X)E v oxf( oxb b)
Cb - gSi

tSi

¢ Linear relationship between mobile charge density and surface potential

* The charge sheet approximation may not be valid in Single-Gate UTB SOI MOSFETs,
where the front channel may occupy a non-negligible portion of the Si thickness
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1D models: FD SOI MOSFET

No need to linearize the charge in FD SOI MOSFETs to
obtain a relatively simple model

Charge-based and surface-potential based models are
equivalent

wu UkT 0- 00
I=——01—(0-0,)+=
b7 Eq (0,-0,) 20%5

Expressions of total charges can be derived from this linear
relationship
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Short-Channel Effects

If the doping 1s high, and the mobile charge can be neglected in the
subthreshold regime, a simple solution for the potential can be obtained,
which leads to an analytical expression of the threshold voltage that
includes the scaling dependences (and therefore the threshold voltage

roll-off and DIBL):
0 (x, )= 8, (N 9,(x,)

In planar SOI MOSFETs, this solution 1s written as a superposition ¢,()
,where is the solution of the 1D Poisson’s equation, which includes

the doping charge term, and 4,.y) 1is the solution of the remaining 2D
Laplace equation.

Additional approximations are needed to solve the 2D Laplace’s
equation
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Short-Channel Eftects

¢ In FD SOI MOSFETs the 2D Poisson’s equation in subthreshold can by
solved by neglecting the mobile charge density, which 1s much lower
than the doped charge density

¢ An analytical expression of the threshold voltage, that takes into account
the scaling dependencies, the roll-off and the DIBL can be obtained
from that solution after using several approximations and a few
adjustable parameters (quasi-2D model). The electrostatic short-channel
effects are accounted for (in many models) by means of the threshold
voltage expression, which is used in the drain current expression
derived for long-channel devices

¢ Standard FD SOI MOSFET models take into account the short-channel
effects using this approach

29



First explicit charge-based
compact FD SOI MOSFET model

* Developed by B. lhiguez, D. Flandre et al (1994)
* |t is charge-based and charge conserving
¢ Available in IsSpice (Intusoft)
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Standard Models of FD SOI
MOSFETSs

¢ BSIMSOI
¢ UFSOI
* HiSIM-SOI
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BSIMSOI

Developed as an extension of a bulk MOSFET model

It extends a strong inversion explicit model by using proper
interpolation functions

It includes a smooth transition between the PD and the FD regime
(Dynamically Depleted SOI MOSFET)

Temperature dependence of threshold voltage, mobility, saturation
velocity, parasitic resistance, and diode currents

Different gate resistance options for RF simulation:

= Intrinsic input gate resistance, reflected to the gate from the intrinsic
channel region. It is bias dependent and a first-order non-quasi static model,
for RF and rapid transientMOSFET operations

Last version: BSIMSOI 4.0: addresses several new issues in modeling
sub-0.13 micron CMOS/SOI high-speed and RF circuit simulation.
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BSIMSOI

Improvements of BSIM 4.0:

Asymmetric current/capacitance model S/D diode and asymmetric S/D resistance;
Improved GIDL model with BSIM4 GIDL compatibility

Noise model Improvements;

= Improved width/length dependence on flicker noise

- SPICE2 thermal noise model is introduced as TNOIMOD=2 with parameter NTNOI that
adjusts the magnitude of the noise density

= Body contact resistance induced thermal noise

= Thermal noise induced by the body resistance network

= Shot noises induced by Ibs and Ibd separated

A two resistance body resistance network introduced for RF simulation;

Threshold voltage model enhancement;
= Long channel DIBL effect model added
= Channel-length dependence of body effect improved

Drain induced threshold shift(DITS) model introduced in output conductance;

Improved model accuracy in moderate inversion region with BSIM4 compatible
Vgsteft;
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FD/SOI UFSOI

The University of Florida developed one model for PD SOl MOSFETSs
(UFPDB) and one model for FD SOI MOSFETS (FD/SOI UFSOI)

It is charge-based, and considers 5 terminals
It is strongly physically-based, and needs iterations

The model accounts for the charge coupling between the front and back
gates

It includes a two-dimensional analysis of the electrostatic potential in the
SOI film and underlying BOX for subthreshold-region operation.

The model assumes that the film is strongly FD, except in and near the
accumulation region where it accounts for the majority-carrier charge, and
hence dynamic floating-body effects.

Two dimensional analysis for weak-inversion current

Spline interpolations of current and charge across a physically
defined, bias-dependent moderate-inversion region linking the
weak- and strong-inversion formalisms
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FD/SOI UFSOI

Temperature dependence is also implemented, without the need for
any additional parameters

Physics-based noise modeling for AC simulation, which accounts for
thermal noise from the channel and parasitic series rresistances,
shot noise at the source and drain junctions, and flicker noise in the
channel.

The temperature-dependence modeling is the basis for a self-heating
option, which uses special iterate control for the local device
temperature node.

Because of the process basis of the models, parameter evaluation
can be based in part on device structure

Option for a strained Si/SiGe channel.
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HiSIM SOI

Based on a complete surface-potential description.

The surface potential in the MOSFET channel, and the potentials
at both surfaces of the buried oxide

This allows to include all relevant device features of the SOI-
MOSFET

An additional parasitic electric field, induced by the surface-
potential distribution at the buried oxide, has to be included for
accurate modeling of the short-channel effects.

It seems to have better convergence properties than BSIMSOI and
UFSOI

It includes a 1/f noise model
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*

AM SOI MOSFET modelling

In thin-film SOI CMOS circuits, nMOS devices are FD SOI
MOSFETs, but pMOS devices can be AM SOl MOSFETSs

Different operating regimes have to be considered in AM SOI
MOSFETs: subthreshold (full depletion), above threshold conduction
in the quasi-neutral region, and surface accumulation

¥ L“—ﬁl_.':vm
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AM SOI MOSFET modelling
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AM SOI MOSFET modelling

The first compact models for AM SOI MOSFETSs were developed by K. W. Su
and J. B. Kuo (DC model, 1997) and B. Iiiguez et al (charge-based model,
1999).

No model is available in commercial circuit simulators.

AM SOI MOS modeling i1s more complex than FD SOI MOS modeling. A
square root dependent depletion region width, changing along the channel,
must be considered, as well as an equation relating the accumulation charge
sheet density with the surface potential.

J. B. Kuo et al linearized later the square root
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AM SOI MOSFET modelling

*In very thin AM SOI MOSFETs surface
accumulation takes place with full film depletion

¢ The resulting model has the same form as a FD SOI
MOSFET model

" (o)

Dirain current (maA)
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Multi-Gate MOSFET modelling

No models currently available in circuit simulators.

They face important challenges for nanoscale devices: scaling with
volume inversion/accumulation, quantum confinement, hydrodinamic
transport

Models under development:
= BSIM-MG (based on BSIMSOI)
= UFDG (extension of FD/SOU UFSOI)

® Applicable to symmetrical DG, assymmetrical DG MOSFETs,
UTB SOI MOSFETs and FinFETs

® [t considers quantum confinement self consistently (Compact Poisson-
Schrodinger Solver)

® [t accounts for velocity overshoot

® The carrier transport and channel current are modeled as quasi-
ballistic via an accounting for velocity overshoot, derived from the
Boltzmann transport equation and its moments, and a QM-based
characterization of mobility
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1D models: doped DG MOSFET
By integrating the Poisson's cquation between the centre (y=0) and the.

top surface of the film (y=-t_/2) we get:

Eole)e [PINA [ - go)e KT iles VWIS, oot
ESi q NA2 ﬁ ﬁ

where *s “*"/? is the surface potential ant**™*%) s the potential in
the middle of the film.

Unfortunately, the potential at the center i1s unknown and we cannot
analytically integrated for the potential.

An analytical model i1s possible with an approximate expression of the
difference between the two potentials:

" The constant value obtained in the subthreshold/depletion region to well
above threshold [Francis 94, Moldovan 07]; this 1s valid up to well above
threshold.

= An empirical expression that, using adjustable parameters, fits the entire
range of operation [Cerdeira 08]
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1D models: undoped DG MOSFET

¢ For undoped DG MOSFETs, Poisson’s equation is:

Y -y g
dx? dx? Esi

¢ By solving Poisson’s equation with the appropriate
boundary conditions [Taur 04]:

KT e | aPn 2B
o=y q logﬁzﬂ 2t gikT COSH lsi Eﬁ

= Where [ is a constant obtained from the boundary
conditions

¢ The following relation is obtained:

(I(VGSZ'kAT¢ - V_) - loggé ZflglfiT E: log(ﬂ ) - log[cos(ﬂ )] + 2:;’;”: 4 tan(ﬂ )

= where Ag is the work function difference between the gate
electrode and the intrinsic silicon
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1D models: undoped DG MOSFET

The drain current is obtained as:

W S
Ips = Tlf IQ(V)dV
0
From Gauss’law
d 2kT 2
Q- 2851—\“ - 253i——ﬂt (ﬁ)
y y: tSi/z q tSl

The following expression of the drain current is obtained [Taur
04]:

s

2
. 0 2 .
Ip= 228 EME 6 tan(p)- 2=+ Esifor g2 an2(p);
L tg q 0 2 s Dﬂd

Shortcoming: I, cannot be written in a charge-based form
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1D models: undoped DG MOSFET

However, the a unified charge control model can be
obtained by making a few approximations [Sallese]:

i i
QkT  log s QkT 0
8Cox T ﬁ Ecox 8C0x T ﬁﬂ

q ¢ 10

(Vgs- 0§ -V)+ KL jogl_9Mlsi_0_ KT logH—C"x E: 2, _""Tg
q Dgc kl[ q Csi 2Cx ¢

H ox E a

q 0

= where Cg is the silicon capacitance and C_, is the oxide
capacitance.

d
logH
d

* The same type of charge control model was
obtained in doped DG MOSFETs, with the needed
approximations
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1D models: undoped DG MOSFET

The drain current 1s obtained as:

Ipg = WTHVfSQ(V)dV
From the charge control model:

e i1ido,_io
0 0+20,

Where T

Qo = 4—Cy
q

Finally we get the expression:

PELR (o g )4 & -Q§+8Ek_TE2C&1 0,+20, ]

ID
L H q 4Cox DQ +2QO DH
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1D models: Cylindrical GAA
MOSFET

In a well-behaved cylindrical GAA MOSFET, the electrostatic
behaviour of the device is described by the 1D Poisson’s equation
in the radial direction.

In an undoped cylindrical n-type SGT-MOSFET Poisson’s
equation takes the following form (in cylindrical coordinates):

2 qly -v)
v 1ay kg
ar: rdr g

where 6:=¢’n/k1eg (1) the electrostatic potential and V the electron
quasi-Fermi potential.

Boundary conditions: .
Ler0zo yeRTy,

Exact solution:

kT - 8B
Pz V+ logl
w(r) J gE(SmBﬁ)ZE

B determined from boundary conditions
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1D models: Cylindrical GAA
MOSFET

From Gauss law:
ox(VGS A¢ V/s) 0= e Cj;,: 4)

__ k1 48R  the charge control model that is obtained is:

2R q 1+ BR>
Tlog% 0 H+ —1lo HQ+ QOH
0 q

Using av

dr

8 [I_
(Vg - 40 - V)- qlog@aRZH—Cox ;

0 Q()
where
Qp = 4;& qu
. . VDS
The drain current is calculated from: 7 - ,?™® JQ(V)dV
. .40  kTRdQ dQ -
Using " ¢ * H 0 o Q()% we obtain:
D 2 _ N2 D
L 26 ¢ DQ 00
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Ipg [A

1D models: DG MOSFET

-1 -05 0 05 1

05 0 05 1
Vg [V
Y GS

Transfer characteristics, for V,;=0.05V (a) and for V=1V (b) in linear

scale and in logarithmic scale Solid line: Atlas simulation; Symbol line:
our compact model
doping level N,=6.10"" cm3; silicon thickness t;=31nm; oxide thickness

t,.=2nm; channel length L=1pm and width W=1pm.
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1D models: Cylindrical GAA

1I|"III'i"_wS {V}

MOSFET

Vag (V)
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Output and transfer characteristics obtained from the analytical model (solid lines)
compared with numerical simulations from DESSIS-ISE" (symbols).
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1D models: FInFET

In general, in symmetric Multi-Gate MOSFETs

(V -V - V)- = &+ k—TlogE&E+ leog%Q+ Q"%
C. 1 q Q,

0

—— Lateral Gates

e # 1 Charge associated to top, lateral and total
y] [Tl Charge (ode) i charge calculated with ATLAS 3-D
Al 5 1 simulations and with the unified charge

control model (FInFET with W, =10 nm,
H; =50 nm)

035 1 15
Gate Voltage (V)
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a =
CS[ + Cox

1D models: Independently-Biased DG
MOSFET

* A similar unified charge control model 1s obtained
assuming the back interface in weak inversion, but
without assuming the charge sheet approximation:

0 g DZD
1 a 1 a kT D1 Hac, ( Vos = Ves* Vipa ™ vfbl) i
Vot — Vo= Vo —— vy - —— V- —logD—DD ‘ Plipg0-
1+a 1+a lta 7 1+a - q Hzﬁ c K H%
0 q 0
- 0ol d a
g Ol+ad ¢ C.l+a) ¢ "000 ¢ 100, 10

C. £ .
= Cg = = Qo:4c'(VGS+Vﬂv2_V1 az —=—=

t
a ; ; - -
* Where @ &% 2 S ’ fo Ly 7’




) CS[ + Cox

1D models: Independently-Biased DG
MOSFET

i ‘ .
Vs V] Voo V]

channel length L=1pm, width W=1 pm, silicon oxide thickness

t =2 nm and silicon film thickness 7,=31 nm .
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2D models Multi-Gate MOSFETs

If the doping is high, and the mobile charge can be neglected in the
subthreshold regime, a simple solution for the potential can be obtained,
which leads to an analytical expression of the threshold voltage that

includes the scaling dependences (and therefore the threshold voltage
roll-off and DIBL):

0 (x,)=0,(»)*9,(x,)

In DG SOI MOSFETs, this solution 1s written as a superposition ,where 4,0

1s the solution of the 1D Poisson’s equation, which includes the
doping charge term, and 4,(x.y) 1s the solution of the remaining 2D
Laplace equation.

In GAA MOSFETs, the solution is written as:
0 (x,r)=9,(1*9,(x,7)

Additional approximations are needed to solve the 2D Laplace’s
equation
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2D models

* An analytical expression of the threshold voltage, that takes into account the

*

scaling dependencies, the roll-off and the DIBL can be obtained from that
solution after using several approximations and a few adjustable parameters
(quasi-2D model). The electrostatic short-channel effects are accounted for (in
many models) by means of the threshold voltage expression, which is used in the
drain current expression

More rigorous solutions (fully 2D or 3D models, or “predictive models”):

® Truncation of series of hyperbolic functions (DG MOSFETs, FinFETs), or
Bessel functions (GAA MOSFETS)

= Conformal mapping
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2D models (series truncation method):
DG MOSFET

Subthreshold Swing
Swing = Vé [n(10)

Subthreshold Swing [mV/Dec.]

g8
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W 20nm, Numerical

1 1
a0 100 150

Channel Length, [nm]
witht =2nm. V_=10 mV.
oxX DS

Threshold Voltage Model

The threshold voltage is defined as the value of the gate voltage
to obtain a certain value of the mobile sheet charge density at the
position of the potential minimum (virtual cathode)

tO
(0]

) 1 H HQTHH H
Vepr =0, + ———— 1V In - S
TH ms l_SgS HT H2”,D10H dSH

For Long Channel DG MOSFET

TH - ¢ms+
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Threshold Voltage Roll-off

2D models (series truncation
method): DG MOSFET

Threshold Voltage Roll-off, and

DIBL Models
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2D/3D models (conformal
mapping technique)

< L > A
Gate 2
t : 21
oxi / : $tox
Oxide 2, ) T 1.5¢
= | device center
8 .. SD.centerline . 2 &K .. S 5 1
é SA a
o .
3 y 0.5
[y 03 2 1 0 1 2 3
- - - u
Gate 1 X gate 2 drain gate 1 source  gate2

Schematic view of the DG MOSFET cross-section (a).

The extended body maps into the upper half-plane of the (u, iv)
plane (b), where the u-axis, the iv-axis, and the bold semicircle
with radius 1/Vk represent the boundary, the G-G and the S-D
symmetry axis, respectively. The four corners of the boundary are
located at u = £1 and *1/k.
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2D/3D models (conformal
mapping technique)

Q_
zc

r——

_b
C

—
d

2D/3D potential model in subthreshold derived using conformal mapping
1D potential model well above threshold (kernel model)

4t order polynomial expression of the potential in the transition regime,
imposing continuity everywhere
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2D models: Analysis of the saturated region
in DG MOSFETs
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2D models: Analysis of the saturated region
in DG MOSFETs

* Poisson’s equation 1s solved 1n the saturated
region:

0% , 3% _ _-an(xy)
ix> 0y’ £

-V, +
Ed_(ﬂ = ¢ wS gs ¢

d(ﬂ = Si ox
- =0 Tyl Ly

dy

y=tsi/2

* we chose a power law as an approximation for the potential
profile along y

plx.y)= at blx)y+ cla)y”
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2D models: Analysis of the saturated region
in DG MOSFETs

- Eﬂ¢s - Vgs ¥ VFB _ Eﬂgﬂs - Vgs * VFB 2 ! n for yS tsi/2
plx.y)= 05+ . ;. y ;. nlt Ef E y
- on ¢S VgS t A¢ _ £ ¢S Vgs + A¢ 2 i fOI' y> tsi/2
R e T e
. . 1si n 2 _ V V
Integrating:  [1fg--Leiplabiletin
0 Ni i ox

Q,, 1s considered constant 1n the saturated region

We have to solve in the x-direction: b=o -V +0g- Do
5o 2C
2
a ¢ - ¢_: O /‘ = Esitoxtsi n i 1- 2 = ti l-}- L— 1
ix> A° 2%, 8 E n(n+l)% 2\2 2r nlnt])




2D models: Analysis of the saturated region
in DG MOSFETs

Boundary conditions:

% = kvsllt
¢(x:_AL):¢((pS: Vde/j'+¢b):¢saz ax| .., H

AL, v ., V.. being respectively the length of the saturation region,

> 7 sat?

the saturation velocity, and the effective drain-source voltage.

@, 1s the surface potential at the source and at threshold condition

k=2 for nMOSFETs. k=1 for pMOSFETs

We obtain the following solution:

AL+ xH+ kv,
0

p(x)= ¢mtc0shH “) sinhHAL+xH
0 i 0 0
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2D models: Analysis of the saturated region
in DG MOSFETs

AL 1s then obtained from  ¢.=4(x=0)=¢los= 7,49,

by, Jw-m E"“HE
;
:

AL=} Inl
D satA

»
ﬁ
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AL (nm)

40

30

20

10 |

2D models: Analysis of the saturated region
in DG MOSFETs

L=50nm

Vds (V)

Vgs-Vt=0.25 and 0.5V. L = 50nm

10" . .
\ Symbols = Silvaco
Lines = Model
10 Vg =0.4V, 0.75V, 1V, 1.5V |
>
<
o
O

1 O [®) L I~ L~ ™ A~ 4 o

0.0 0.5 1.0 1.5 20
V. (V)

Comparison of the model with Silvaco simulations,
for a DG-MOSFET with tox=2nm, tsi=15nm and
L=50nm.
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3D models:FInFET

* This modelling technique can be extended to FInFETs,
considering that the electrostatic potential solution will be
the sum of several components:

(0(3‘7,)/,2): ¢2D(y’z)+ (p?aD(xay:Z)

= Where @(y,z) 1s the 2D potential and related to 1D potential as

020 (1,2)= 01p (N0, ()2t 0, (3)02°

= With boundary conditions

d ,Z d ,Z
Coxl |:[VGSI “Oms - ¢2D(yaz = ho)] = _gSi% Con [[VGSZ “Oms - (/)ZD(y,Z = - ho)] - ESi%
Z:ho Z:h()

= V., 1s the potential applied on both left/right and top gate and V ,
is the potential applied on the bottom gate

66



3D models:FInFET

* @ ,(y) 1s the 1D potential solution:

0%0(y)

SALE in[ew(y)/”l
3)/ €

* With boundary conditions:

0
=0 Coxo |:[VGSI “ Oms - 01p(y = to)] = Tl Da_yo

10,5 (»)
Iy 120

y=t,

¢ An analytical expression is found for @ (y)
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3D models:FInFET

¢ The 3D potential component 1s the solution of the remaining 3D
Laplace’s equation with boundary conditions

a¢3D(x’y7Z)| Coxz[[o_(OZD(y)Z:_hO)]:ESi aZ

0z

Coxt [[O_¢3D(x=y72:ho)]:_£Si =y
Z:ho

03p(0,,2)|= Vi = 02p(,2) 03p(L,y,2)| = Vpst Vi = 02p(1,2)

¢ An analytical expression is found for @,

* The approximations used to obtain the analytical solution were to
consider that:

= (p. 1s constant along the channel (which is valid in subthreshold) and
equal to its value at the source end of the channel
= the short-channel effects are not very severe, so that @, 1s the

dominant potential contribution for the electron charge density o



3D models:FInFET

¢ Using our analytical model for the electrostatic potential, we obtain an
analytical expression of the location of the virtual cathode (the point
along the channel where the potential i1s minimum, and therefore, of the
minimum value @

¢ The position of the virtual cathode will be instrumental to derive the
subthreshold swing and threshold voltage expressions.

¢ Subthreshold swing and threshold voltage models can be developed by taking the
values of the integrands at the conduction path (y_,z_)
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3D models:FInFET

160 T T T T
Wils=20rm, L=B0nm Model L
180+ b
b
140 y oA B
FIN height
g 130} n.73 p
E 4 40nm, MNumerical :
5120— A A50nm,Mumerical
A ® Glnm, Mumerical
& Mo
— * BOnm,Exp.
% 1o
2 mf
=
v

80

1 1 1 1 1 1 1 1 1
20 25 30 35 40 45 a0 55 g0 g5 70
FIN Width [nml

Good agreement with -3D numerical simulations (DESSIS-ISE)
and experimental measurement (devices fabricated by IMEC,

Belgium, and measured at UCL, Belgium)
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Threshold Yaoltage Roll-off [m']

20

3D models:FInFET

Wds=20mY, Hfin=60nm

Wiin=30nm [model)
® WHin=30nm (numerical)
Wiin=40nm [model)
& Wiin=40nm (numericall
Wiin=50nm (model)
*  Whinsa0nm (numerical)

Channel Length [nm]

DIBL[mvAY]

250

200

150

100

a0

Fin height=60nm ——— Wfin=20nmm (model)

W Whin=20nm (numerical)
Win=30nm (model)

W Whin=30nm (numerical)

40 a0 =i} 70 a0 S0 100 110 120
Channel Length [nm]

Threshold voltage roll off and DIBL
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Quantum effects

¢ [f the silicon layer in the DG and GAA MOSFETs is thinner than 10
nm, quantum confinement cannot be ignored, and Poisson’s equation
should be solved self-consistently with Schrodinger’s equation.

¢ For this case, an analytical solution is not possible without making
assumptions of either the shape of the potential distribution or of the
electron distribution.
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Inversion Charge Q (F/m2)

Quantum effects

The classical compact model can be extended to include quantum effects by

using an effective oxide capacitance that takes into account the position of the
inversion centroid, which is a function of the inversion charge:

. C

C = 0X
1+ Cox &

ox

£

Si

t =5 am N =10 ¢cm’?
Si A

0.04}

..................

Numerical Quantum
o Numerical Classical
— o Infinite Quantum Well

———-Expression (18)

Quantum Compact Model
——e—ClassicalCompact Model| |

0.5 1 15
Gate Voltage Vgs (V)

n
11 1 DN, T
Y atbt, yaON, L
Yo a Li Yo 0Ny
t =10 nm N =107 ¢m®
si A
0.05
£0.04
>
o 0.03
= @ o
= i . Numerical Quantum
© 0.02 o Numerical Classical
S —o—Infinite Quantum W ell
2001 Quantum CompactModel
E —a—Classical Compact M odel
— 0 ———-Expression (18)
05 0 0.5 1 L5

Gate Voltage Vgs (V)
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L 4

Quantum effects

This modeling of the quantum confinent has been extended to
FinFETs ! 1w’

Total charge sheet density numerically calculated (o classic and o quantum) and
the charge control model (solid-line) for a FInFET with (Wfin=10 nm, Hfin=30

nm, tox=1.5 nm, tbox=50 nm).
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Hydrodynamic model

¢ In extremely short channel DG MOSFET the channel is quasi-ballistic,

thus an important overshoot velocity 1s expected

¢ Using a simplified energy-balance model, the electron mobility is a
function of the electron temperature related to the average energy of the

carriers.
ar, \ T,-T,. . q () Nox2v 1
a’x A 2k

w

T : energy relaxation time

O R fy(g o di Using E,(x)=-dV (x)/dx

w
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Hydrodynamic model

In contrast with classical drift-diffusion models, the saturated velocity in
the saturation region due to non-stationary effects can achieve several
times the stationary saturation velocity, v__..

This phenomenon is known as velocity overshoot.

In linear region, the carrier velocity can be obtained from the mobility:

- _ o 0
v(x) = 1, () E(x) = ; E (x)
n x 1+ ¢ (]-ve(x) _ TE)) x
Uo
2k Uty E )= . 0+ 0,
e gl fvzzt 0 ! 1+ vo U H phoutr) D+ 6 vo Ey 4

1
H phouiky HH Ph(Licer)) Har
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Hydrodynamic model

¢ Using the charge control models previously presented and the velocity
expression given above, the drain current in the linear channel region
can be obtained:

W QUMY Wi [ 0
I, = -

DS T L, "L

L+ (T,(0)- T))dx [ (140 (T,(x)- T,) dx
| |

0

(=)

¢ As a first approximation, in the linear region we can suppose that the
lateral field is linear from a small value at the source end to the
saturation field atx=L, (E =E . /L ).

i, 1
y o=

"o L (1420, )L
] - Wueﬁf( gs’VDSS) W ,ueﬁrf( gs’VDSS) sa ( / )
DS L
L 14 , : .
L+ I Vi)e ' dé ¢ "V ¥ bss V. effective drain-source
2 voltage
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Hydrodynamic model

eoeseeoe Drift-Diffusion]
LAy Temperature Model: 1 LT — Quan?um
19 — Quantum {1 - Classical
-e- Classical '

0008
0000000

Drain Current(mAlpm)
Drain Current(mAlum)

0 0.5 1 1.5 1 1.5

Drain Voltage (V) Drain Voltage (V)

A comparison of drain current for FInFET (Wfin=10 nm, Hfin=30 nm, tox=1.5 nm, tbox=50 nm)),
L=100 nm, for classical charge control () and quantum charge (-) using a) Temperature model
b) Drift-Diffusion model. The gate voltages are Vgs-VTH=0.5, 0.75, 1 and 1.25 V.
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Charge modelling

¢ The total channel charge is obtained by integrating the mobile charge
density over the channel length.

¢ In doped DG MOSFETs, using the charge control model above
explained:

L VDS
Or, = -2 Qe - Q%a
0

DS o

) U QdHQ2 KT . kT HQ

= -(ow
Oro ( ) IDSA‘HC q q Q+QDpH

kT O* kT

t __+ _H QDpQ+ Q

O (zw)zl“—g ¢ 03 1080p,, Q]HH\Q

+ The total gate charge is: Q=QrrQu TWLQ,,, where Q_ 1s the total
oxide fixed charge at both front and back interfaces.
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Charge modelling

The total drain and source charges are obtained as:

00+ Op,, U
2(0- 0y)- Opep log 2 CDer HH

_(wPu? % 2Ho%- 0, Ky :
AQOs QDepD

IR

LI’ps o

10

Os = Or - Op

The transcapacitances are necessary to develop the small-signal model.
They are obtained by differentiating the total charges with respect to the
applied voltages.

There are 6 transcapacitances. 4 of them are independent.
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Charge modelling

¢ In independently-biased DG MOSFETs we should consider
a front gate charge and a back gate charge

0 :_qu_QfD 0 krd,, 200 0,
o ]DS Qsﬁ ox q D 2Q+Q0 Dﬁ

O~ %, W 20 V. L

lta 1I+ta
X e WG 0700 DT 220+ 0,
R T S R TITS P et Ay Qouﬁﬁ

0 1 kTDl 2 DDQ
doarn) g0 200 0,5
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Charge modelling

The intrinsic capacitances, C , and C_, are obtained as:

Ci:—%
& dvi

where i=d,s

The non-reciprocal capacitances C,, and C are obtained as:
Y
C. =
ig = av,

The capacitances C jand C, are computed as follows

__dQ, o . d0s
S av T dvy,
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Charge modelling

0.7F

06}

05F

04+

Normalized capacitances

03} JF

Normalized gate to drain
capacitance (a, b) and gate to source
capacitance (c, d) with respect to the gate
voltage, for V, =1V (a, d) and V,,=0.05V
(b,c). Solid line: Atlas simulations; Symbol
line: our model. Doped DG MOSFET with N,=6-10""

cm?

CSG,CDG Normalized capacitances

-0.5 ] 05 1 15
VGS

Normalized drain to gate
capacitance (a, ¢) and source to
gate capacitance (b, d) with
respect to the gate voltage, for
Vps=1V (a, b) and V_ ;=0.05V
(c,d). Solid line: Atlas
simulations; Symbol line: our
model. Doped DG MOSFET with
N,=6-10"" cm3
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Charge modelling

¢ In undoped cylindrical GAA MOSFETs:

L Vps
Or,: = -21R[ Qdv= -(21R)? L [Q?ar
0 DS

Qu 2 2
HQ_+ k_TQ+k_T Q HdQ

= -|12nR 2 'u_
QTOt ( ) IDS Q[S Cox q q Q+ QO

2 4 [ O KT QP KT Q_
Oros (27‘[R) I H3C 7 2 H 00+ +Q0 log’Qo Q]HH
Li i (2nR)3/12Q" ZHHQZ'QsZHJr k_TH ) HH
op ZHRJ(;Lde_—L(IDS)Z AQHH T qHz(Q Q.- QOlgD—QOHHH
i1 kT, 1
. q%Q Q+Q0E ¢
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CSG Normalized Capacitances

CDG’

Charge modelling

05
045r
04r
035r
03}
035¢
02t
015¢

o

o =

n —_
:

=0
&)
[

Normalized drain to gate capacitance
(a, ¢) and source to gate capacitance
(b, d) with respect to the gate voltage,
for V=1V (a, b) and V,,=0.1V (c, d).
Solid line: DESSIS-ISE simulations;
Symbol line: analytical model

CDS,CSD Normalized Capacitances

035r

02

015¢

01r

005

'O'O_%.s 0 05 1 15 2

Normalized drain to source capacitance
(c,d) and source to drain capacitance
(a, b) with respect to the gate voltage,
for V=1V (a, d) and V=0.1V (b, c).
Solid line: DESSIS-ISE simulations;
Symbol line: analytical model_
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Charge modelling

¢ In undoped DG MOSFETs:

L Vps
= - W[ odx= -w> - [0y
QTO[ J(;Q X IDS .!;Q
Qu 2 2
= —W2 # H Y + k_T + k_T 0 Hd
QTOI IDS g‘s‘Hzcox q q Q+ 2Q0H Q

3 2 2
Opy = W2 ”_H Q" kO, 2k_TH_ 0,0+ o, 208 log[2Q0+Q]HH
IDS H6C0x q 2 q 4 H
L 3.2 Qu 2 2
Wi odv: - H 210 02, KT 0)- 20, 10g0 2 20 T
Op [) o LUDSZAQHH ol qH(Q 0,)- 20, ST

Qu
(08
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Charge modelling

0.7

(d).iid.-“-.....

ot

06r

05r

04r

03r

CGD,CGS Normalized Capacitances

Vg V]

Normalized gate to drain capacitance (a, b) and
gate to source capacitance (c, d) with respect to the
gate voltage, for V,4=0.05V (b,c) and V=1V (a,d).
Solid line: DESSIS-ISE simulations; Symbol line:
analytical model

,CSG Normalized Capacitances

VY]

Normalized drain to gate capacitance (a, ¢) and
source to gate capacitance (b, d) with respect to the
gate voltage, for V,,=1V (a, b) and V,;=0.05V (c, d).
Solid line: DESSIS-ISE simulations; Symbol line:
analytical model
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Charge modelling: Independently
Biased DG MOSFET

Normalized Capacitances CD ,CSG

Normalized Capacjtances CG ,C g

Normalized drain-to-gate capacitance (a, c)
[ [ dPd( itanCC (b d)

Normalized gate-to-drain capacitance (a, b) and
gate-to-source capacitance (c, d) with respect |
to the gate voltage, for V,;=0.05V (b,c) and
V=1V (a,d); t,=31nm. Solid line: analy%céf model;

Symbol line: DESSIS-ISE simulation B , , .
bol line: DESSIS-ISE simulation
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Capacitance modelling: quantum effects

x 10

257

0.5F

o o
v, (V)

Gate-to-Channel numerically calculated (o classic and o quantum)
and the charge control model (solid-line) for a FinFET with
(Wfin=10 nm, Hfin=30 nm, tox=1.5 nm, tbox=50 nm).

89



High frequency and noise modelling

¢ The active line approach, used to extend the

model to high frequency operation, is based on

splitting the channel into a number of
elementary sections

¢ Our quasi-static small-signal equivalent
circuit, to which we add additional
microscopic diffusion and gate shot noise
sources, 1s applied to each section

¢ Our charge control model allows to obtain
analytical expressions of the local small-signal
parameters in each segment
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High frequency and noise modelling

¢ In order to model noise using this technique, several
approaches have been considered:

= The contribution to noise of the length where carriers travel
at the saturation velocity must not neglected.

= A Diffusion Coefficient 1s used to define the microscopic
noise current sources, in order to consider the short channel

effect. The expression of the diffusion coefficient 1s valid
from low to high fields

= Mobility reduction should be considered along the channel.
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High frequency and noise modelling

The active transmission line is analysed using the nodal admittance method
Once the intrinsic admittance matrix, Y,, and admittance correlation matrix,
C,,, are obtained, extrinsic elements are included

Thermal noise 1s considered for access resistances

Gate tunnelling current, and its associated shot noise source are added

Using the model, we calculate the S-parameters and the usual noise
parameters: F_, , R (equivalent noise resistance) and G, (optimum

reflection coefficient)
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High frequency and noise modelling

DG V -V =0.5V
gs ' TH
e DBV V0.7V

G AA Vgs-VTH=O.5V

200 300
Gate Length (nm)

400

——— GAA 1 finger

—— DG 1 finger
——DG 10 fingers
—a— 86 1 finger
—=—SG 10 fingers

—o— GAA 10 fingers

100 200 300
Gate Length (nm)

400
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f(6H1)

High frequency and noise modelling

200

1’ 10
—Classical Drift-Diffusion
—eo—Classical Temperature Model|]
o N | = Quantum Drift-Ditfusion
S| —Quantum Temperature Model|]
2 i 102 B
10 i =3
—— Classical Drift-Diffusion
—eo—Classical Temperature Model
—S—Quantum Drift-Diffusion
—<—Quantum Temperature Model
' ‘ ‘ :
101 ‘ ‘ ‘ 0 590 100 1590
0 50 100 150 200 Gate Length(nm)

Gate Length(nm)

FinFET (W, =10 nm, H, =30 nm, t_=1.5 nm,
too =00 nm, V, =1 V, V -V, =0.5V).
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High frequency and noise modelling

Extrinsic Noise Figure

3 ; ; °
Classical Drift-Diffusion
95 H —®—Classical Temperature Model E
—S—Quantum Drift-Diffusion
Y Quantum Temperature Model
2t |
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Frequency (GHz)

FinFET (W =10 nm, H; =30 nm, t =1.5 nm, t,, =50 nm, 100 fingers, V -V ,=0.5V,
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Conclusions

We have discussed techniques to develop compact models in Thin-Film SOI
MOSFETs (FD SOI MOSFDETs, AM SOI MOSFETs, DG MOSFETs, GAA
MOSFETs, FinFETSs)

Very few models are currently available for FD SOI MOSFETSs in circuit
simulators

No models available for AM SOI MOSFETSs
Compact models for Multi-Gate MOSFETs are still under development

" They face important challenges for nanoscale devices: scaling with volume
inversion/accumulation, quantum confinement, hydrodinamic transport

= These effects, although considered by UFDG, are hard to take into account
in a full compact analytical way
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Conclusions

We have also reviewed our approaches:

® A core model, developed from a unified charge control model obtained from the
1D Poisson’s equation (using some approximations in the case of DG MOSFETS)

® 2D or 3D scalable models of the short-channel effects (threshold voltage roll-off,
DIBL, subthreshold swing degradation and channel length modulation),
developed by solving the 2D or 3D Poisson’s equation using appropriate
techniques
Quantum effects have been including by using an effective oxide thickness
which accounts for the position of the inversion centroid

The active transmission line approach extends the models to the high frequency
and noise analysis
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